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cH2O H2O concentration, relative humidity
CMOS complementary metal-oxide semiconductor
CNT carbon nanotube
CP cross polarisation
dcrit critical lm thickness
DRIFT diuse reectance infrared Fourier-transform
EC ethyl cellulose
f0 fundamental resonance frequency
fa, fp parallel frequency
FBAR lm bulk acoustic resonator
Fe(III) Iron(III)phthalocyanine, 4, 4', 4 4 '-tetrasulfonic acid
fr, fs serial frequency
FTIR Fourier-Transform infrared




kt electromechanical coupling factor
λ wavelength
MAS magic angle spinning
MEMS microelectromechanical systems
MFC mass ow controller
MOF metal organic framework
NDIR non-dispersive infrared
NMP n-methyl-2-pyrrolidon
NMR nuclear magnetic resoance
PANI polyaniline
PEI polyethyleneimine
ppm parts per million
PTMS propyltrimethoxysilane
Q quality factor
QCM quartz crystal microbalance
RH relative humidity
SAW surface acoustic wave
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VCO voltage controlled oscillator
VOC volatile organic compound
XPS x-ray photoelectron spectroscopy
Zac Acoustic impedance
Zel Electric impedance
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presents a barrier for their miniaturisation, cost reduction and integration in electronics.
Moreover, lament ageing, humidity cross-sensitivity and loss of adjustment are still ongoing
problems [20]. Other sensor types, such as electrochemical and Microelectromechanical sys-
tems (MEMS)-based solid-state sensors, are also being researched for CO2 sensing, but often
encounter similar problems regarding stability and cross-sensitivities. Nevertheless, they have
high potential to ll out the niche of small, integrable and aordable CO2 sensors.
1.2 The FBAR as a high-potential sensor device
The thin-lm bulk acoustic resonator (FBAR) belongs to the group of electroacoustic solid-
state sensors, of which the Quartz Crystal Microbalance (QCM) is the oldest and most com-
mon representative. Although QCMs have been known as mass sensors since the late '50s [21]
and FBARs have existed since the late '70s [22], the investigation of FBARs as sensors only
started around 15 years ago [23]. The reason for this was the late development of better semi-
conductor thin-lm and microelectronic technology, which was necessary in order to make the
FBAR competitive to other technologies. For a long time, even after the other technologies
were suciently developed, the main application of FBARs was in telecommunication systems
as radio frequency lters [24]. Their robustness, low insertion loss, resistance to electrostatic
discharge, small dimensions, integrability, low costs and low energy consumption made them
perfect components for wireless applications in mobile phones and other devices [23, 25]. With
these advantages they also present a very promising platform for small, low-cost and highly
integrated CO2 sensors.
An FBAR is based on a thin piezoelectric layer that is sandwiched between two electrodes.
If the piezoelectric layer is excited by an alternating current, the piezocrystal is stretched pe-
riodically, which creates an acoustic wave travelling through the depth of the structure. This
wave is reected on the top and bottom of the resonator through large acoustic impedance
mismatches. On the top side, the impedance mismatch is usually created through the inter-
face with air. On the bottom side, where the FBAR is usually attached to a silicon wafer,
either a gap is etched under the FBAR (resonating membrane) or the FBAR is mounted on
an acoustic mirror (Solidly mounted resonator - SMR). The acoustic mirror was developed in
1995 by Lakin et al. [26] and made FBARs more robust. It consists of alternating layers of
materials with high and low acoustic impedance, with each layer having the thickness of one
quarter of the resonance wavelength. Thus, it works similar to a Bragg reector, reecting a
portion of the wave every two layers. Resonance occurs when the generated and reected wave
positively interfere with each other, which happens when half of the wavelength is conned
between the interface to air and the acoustic mirror. The resonance frequency, f0, therefore,
depends on the thickness and acoustic properties of each component of the FBAR. In order
to change the resonance frequency in the presence of a specic gas, the top layer of the FBAR
needs to selectively adsorb this gas and the gas adsorption needs to change the acoustic prop-
erties (mass, density or acoustic velocity) or the thickness of this sensitive layer.
The FBAR has several advantages compared to the QCM. It can be fabricated much thinner
and thus reach much higher resonance frequencies (1GHz  10GHz compared to 3MHz 
10MHz for QCMs). The mass sensitivity, Sm, which is derived from the Sauerbrey equation
[21], represents the absolute change of the resonance frequency, ∆f , upon a certain mass




= − 2 · f
2
0
ρac · vac ·A
(1.1)
with ρac, vac and A being the acoustic density, the acoustic velocity and the area of the res-
onator, respectively. Because of the FBAR's ability to reach higher frequencies, it can reach
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mass sensitivites of more than two orders of magnitude higher than is typical for QCMs.
Another advantage of FBARs over QCMs is their integrability in silicon-based electronic cir-
cuits. This provides a platform for inexpensive sensors and even whole sensor arrays on a
single chip. The combination of only 6  8 sensors with dierent functionalisations has been
proven sucient to compensate for bad material selectivity and thus enable multi-functional
gas sensing with high accuracy [27].
Currently, the FBAR is mainly used for biosensing in liquids, where it reaches mass sensitivi-
ties of more than 1000Hz cm2 ng−1 [23, 2832]. For the sensing in liquids, the operation of the
FBAR in transverse shear mode had to be developed, which enables low energy dissipation
of the wave into the adjoining liquid [28, 29]. Since 2003, however, FBARs have also gained
attention as gas sensors [19, 3337] and they were even presented as multi-gas sensors for
humidity and CO2 [38, 39]. For the discrimination of dierent gases, Reichl et al. [38] sug-
gested the usage of dierent thicknesses of a sensitive material deposited on dierent FBARs.
This sort of discrimination is only possible if the polymer's mass and stiness are dierently
inuenced by dierent gases and several FBARs can be measured simultaneously. For the
simultaneous measurement on a small scale, progress has been made recently by Nirschl et al.
[31], who developed an array of 64 FBARs with an integrated CMOS read-out circuit.
All in all, FBARs are highly sensitive electroacoustic devices that can be integrated in com-
mon microelectronic circuits and thus become very small, robust and inexpensive. Therefore,
they meet the requirements needed for a new generation of CO2 gas sensors. The possibil-
ity to fabricate several FBARs on a single chip even presents the opportunity to extinguish
cross-sensitivities and enable multi-gas sensing.
1.3 Content of this work
Most of the work realised during this thesis was done in the group of chemical and physical
sensors at Siemens Corporate Technology in Munich. In this company the used FBAR got rst
developed for biosensing applicatsitivions. The aim of this thesis is to use this FBAR, func-
tionalise it with CO2-sensitive materials and evaluate the thus coated samples according to
common CO2 sensor requirements. Of special interest is the elimination of cross-sensitivities,
especially to humidity, by using functionalisations of dierent thicknesses on the FBAR array
developed by Nirschl et al. [31]. As sensitive material, the main focus is directed towards
aminopolysiloxanes as they have shown promising CO2 sensing results with acoustic sensors
before [40].
The content of this work is separated into three sections: fundamentals, experimental details
and results and discussion. In the fundamentals, the state-of-the-art of gas sensors and, espe-
cially, CO2 sensors is presented. Subsequently, an overview is given about the theory of the
FBAR, including common mathematical models for its representation and the basics behind
the sensing ability of acoustic resonators. Then, dierent classes of materials for CO2 adsorp-
tion that might be qualied as coating material for the FBARs are presented and compared.
In the next big section, the measurement setups and experimental procedures are explained.
The synthesis and coating results are shown for dierent functionalisation materials and pre-
liminary tests are included to evaluate the suitability of certain materials and deposition
methods.
The main part of the thesis addresses the experimental results and their discussion. At rst,
FBARs coated with ethyl cellulose are characterised. Ethyl cellulose is a stable, viscoelastic
material that is easily deposited and, thus, can be used to learn about the behaviour of func-
tionalised FBARs. It is shown that the FBAR can be used to determine the acoustic velocity
and density of ethyl cellulose. The results also conrm that the response of the FBAR to
a certain gas depends on the thickness of the functional layer and that the gas inuences
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the acoustic properties of the material. Similarities to the often-described lm resonance are
found, which is typical for acoustic resonators coated with viscoelastic layers. As origin of
this lm resonance behaviour, however, a dierent explanation is given. In the next section,
FBARs coated with aminopolysiloxanes are characterised. The density and acoustic veloc-
ity of dierent aminopolysiloxane compositions are determined and their sensitivity towards
CO2 and humidity are tested. Moreover, the dependency of the acoustic measurements from
the ambient temperature and given frequency is analysed. As aminopolysiloxanes showed
decreasing sensitivity over time, one chapter only focusses on the degradation of these materi-
als. Many analytical methods were applied for this part in order to characterise the chemical
alterations in the material during ageing. A hypothesis for the degradation mechanism is
given at the end of this chapter and suggestions for stable materials are made. The last
part of the results and discussion combines what was learnt from the FBAR-chapters and
the material-chapter and shows the performance of an FBAR array coated with the most
stable aminopolysiloxanes. It is shown that the FBARs can become very sensitive and reach
the necessary resolution for most CO2 sensor applications. Moreover, the good selectivity
of aminopolysiloxanes towards CO2 is demonstrated. The only detected cross-sensitivity is
humidity. An approach, however, for the separation of CO2 and humidity signals is presented
in this chapter as well. All results are then summarised in a conclusion and an outlook is




2.1.1 Denition, History and Classication
As a general denition, a sensor is an object that converts physical, chemical or biological
parameters into electrical signals that are in correlation with the parameter being measured
[41]. Gas sensors are a subgroup of sensors that measure gas concentrations as the variable
parameter. They use chemical and physical interactions in order to change the sensor signal.
While some sensor principles, such as resistance thermometers, have been around since the
beginning of the 1890s [42], electric gas sensors only started to develop in the 1920s and
have been commercially available only since the 1980s when work place safety and life quality
became more and more important. The rst commercially available gas sensors, which were
produced by Figaro Inc, were based on a metal oxide semiconductor (SnO2), which changed
its semiconducting properties in the presence of certain ambient gases. It was used to pre-
vent accidents in domestic residences by monitoring explosive gas concentrations. Since then,
customer demands triggered a massive increase in gas sensor research resulting in the devel-
opment of new sensing principles and materials. The future of gas sensing is tending towards
more low-cost devices and micro- and nanoscale approaches [43].
There are many dierent ways to classify a gas sensor [44]. The most common way is a cat-
egorisation according to their transduction mechanism. An overview of transduction mecha-
nisms for gas sensors, based on the handbook of Korotcenkov [8], is shown in Fig. 2.1. Each
transduction mechanism has its own advantages and disadvantages and its suitability often
depends on the application. Electrochemical gas sensors are inexpensive, robust and highly
sensitive. They use electrochemical reactions in order to change the cell potential or owing
currents. On the downside, their lifetime is rather short and they are often inuenced by
Fig. 2.1: Classication of gas sensors according to their transduction mechanism based on the work of Korot-
cenkov et al. [8].
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parasitic gases and changing temperatures. Electrical gas sensors present the biggest and
most diverse group of commercially used gas sensors. They measure changes in the electrical
properties of a sensing material when a gas adsorbs onto the surface. It is a complex area of
research to nd appropriate sensing materials and investigate their specic interactions with
dierent gases. Electrical gas sensors are easily integrable in silicon-based microelectronics
and usually show good sensor performance. However, they often have to be operated at el-
evated temperatures and are very dependent on the quality of the sensitive material being
used.
Mass-sensitive gas sensors are resonating devices which change their resonance frequency when
a gas adsorbs onto the sensor surface and thus brings additional mass into the system. These
resonating devices are mostly based on a piezoelectric material which converts electrical en-
ergy into an acoustic wave and vice versa. The acoustic wave can either propagate along the
surface of the sensor (surface acoustic wave - SAW) or through the bulk of the sensor (bulk
acoustic wave - BAW). SAW sensors usually generate surface acoustic waves (≈ 100MHz 
300MHz) through an interdigital transducer (IDT) as shown in Fig 2.2 a. The excited waves
can be Rayleigh waves, Love waves, Lamb waves or shear-horizontal waves, depending on the
orientation of the piezoelectric crystal and the conguration of the IDTs. The waves propa-
gate along a functionalised delay line and are read out at the output IDT. The development
of SAW sensors began in the 1960s [19]. They are easy to manufacture and have a very high
mass sensitivity because the wave energy is maximised near the surface [31]. They were often
used as radiofrequency lters before FBARs became more popular [33] but also for gas sensing
[45]. Their disadvantages are propagation losses and limitations in their downsizing due to
the IDTs.
The group of BAW sensors includes quartz crystal microbalances (QCMs) and thin-lm res-
onators, such as the FBAR. QCMs consist of a round quartz crystal sandwiched between
two gold electrodes (Fig. 2.2 b). They are simple but eective devices to measure resonance
frequency changes. They resonate around 4MHz  20MHz and were already used in 1959
by Sauerbrey in order to weigh thin lms [21]. The FBAR is a much thinner version of the
QCM and, therefore, has to be supported by a substrate. The thinner dimension leads to
higher resonance frequencies (500MHz  10GHz) and thus enables higher sensitivites. Higher
frequencies, however, are also often accompanied by increasing acoustic losses. In order to
generate an acoustic wave in an FBAR, piezoelectric materials (e.g. ZnO, AlN) which can
Fig. 2.2: Schematic setup of typical mass-sensitive sensors including an (a) SAW sensor, (b) QCM sensor, (c)
cavity-terminated FBAR and (d) acoustic mirror-terminated FBAR.
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be deposited as thin layers have to be used. For the constriction of the acoustic wave, a
cavity (Fig. 2.2 c), an air gap or an acoustic mirror (Fig. 2.2 d) have to be implemented at
the bottom side of the FBAR. This makes their fabrication more complex compared to SAW
devices. Depending on the construction of the FBAR, it can be distinguished between solidly
mounted resonators (SMRs) with an acoustic mirror and membrane-based resonators with a
cavity. In this work, any mention of FBARs is referring to the SMR type of setup.
Another type of mass-sensitive sensor is the cantilever. Cantilevers look like miniaturised
diving boards and are usually made from underetched silicon. They can easily be set to vi-
brate with a piezoelectric material and an electric current. The vibration frequency, which is
usually measured by a laser, changes when molecules adsorb on the cantilever. Even in the
static mode, the bending stress from adsorbed molecules on the cantilever can be measured
[8]. Cantilevers are usually used for ultrasensitive applications [19].
The group of magnetic gas sensors is a small group, which is only applicable for gases with
paramagnetic properties, such as oxygen [46]. More common than magnetic gas sensors are
optical gas sensors. They measure the absorption, reection or scattering of certain wave-
lengths, or the refractive index according to a gas concentration. The gas information can
also be measured indirectly over the optical properties of an indicator that interacts with the
gas. Optical gas sensors are reliable, selective, sensitive and they have a long lifetime. On
the other hand, they are quite expensive compared to other sensing methods and they cannot
get miniaturised without loss of performance. Thermometric gas sensors either measure the
heat of chemical reactions or changes in the thermal conductivity of a sensing element in the
presence of a gas. Their generally poor sensitivity, response time and power consumption can
be improved by using MEMS-based solutions [8].
2.1.2 Gas sensor characteristics
For the characterisation of the performance of a gas sensor, several parameters have been
established. The sensitivity is dened as the incremental change of the sensor signal output
in response to the incremental change of the amount of analyte. For a mass-sensitive resonator





with S being the sensitivity, ∆f the shift in the resonance frequency (sensor signal output)
and ∆m the mass of the adsorbed gas, dependent on the ambient gas concentration. The
response time of a sensor is the time in which the sensor signal reaches 90% of the saturation
value after an initial change in the gas concentration. The recovery time, on the other
hand, is the time that is needed for the sensor signal to return to its initial value. The sensor
resolution is the minimum gas concentration change that can be detected. For this, the
sensor signal should at least be three times the noise level (root mean square). The accuracy
of a sensor is dened as the degree of conformity of an indicated value to a recognised and
accepted standard value. The dynamic range is the gas concentration range in which the
sensor can perform. It is limited by the detection limit (the lowest detectable concentration)
and the saturation value (highest detectable concentration). Selectivity is the ability of a gas
sensor to distinguish between dierent gases. High selectivity means that there are little cross-
sensitivities from other gases. Stability denes the ability of a gas sensor to reproducibly
measure a gas concentration with the same sensitivity, selectivity and response time over
a long period of time and after many repetitions. Other important characteristics for the
economical operation of a sensor are the operation temperature, fabrication costs, energy
consumption, sensor size and integrability.
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2.1.3 State-of-the-art CO2 sensors
CO2 sensors are highly requested for a wide range of applications, such as food preservation,
fermentation, sewage management, agricultural production in greenhouses, respiration mea-
surments in medical services, modern vulcanology and worker safety in mines, submarines or
subways. Moreover, a main application sector aims at the monitoring of indoor air quality in
order to increase the energy eciency of buildings and ensure good air quality [16, 4749].
Depending on the application, dierent requirements on the sensor performance are important.
For indoor air quality measurements, for example, the CO2 sensor should exhibit a dynamic
range of 400 ppm  5000 ppm [49], a resolution of 50 ppm and an accuracy of ± 75 ppm in
the lower concentration range of up to 2000 ppm. The sensor should work at typical ambient
temperatures (≈ 0 ◦C  40 ◦C), have no cross-sensitivities to common gases that occur in air,
be stable over a period of around 5 years and not need extensive calibration maintenance in
that time [50]. Regarding the application of CO2 sensors in medical point-of-care services
or smartphones, low power consumption, low costs and a small sensor size are additionally
required, however, the lifetime can be shorter [51].
Non-dispersive infrared (NDIR) CO2 sensors belong to the group of optical gas sensors
and are the most common and mature type of commercial CO2 sensors. Their working
principle is based on an IR source which emits broadband radiation in a chamber with the
gas sample. An optical lter screens out all radiation except for a specc wavelength that is
absorbed only by the target gas (4.26µm for CO2). The intensity of this specic wavelength
is then measured by an IR detector (e.g. dual channel thermopile) in order to obtain the gas
concentration [52]. With this method, resolutions of about 10 ppm and high selectivity in a
range from 300 ppm to 10000 ppm can be reached [19]. However, NDIR sensors need to be
calibrated regularly as lament ageing of the light source causes baseline drifts. Calibration
is often done through a reference channel or an automated background calibration where the
lowest CO2 concentration during the night is set to 400 ppm. Apart from lament ageing,
signal uctuations with pressure, temperature and humidity changes are a problem for NDIR
sensors and may lead to a large accuracy loss [20]. In a eld study done by Fisk et al. in 2006,
7 out of 18 commercial NDIR CO2 sensors failed to yield the required accuracy of 80% [53].
Moreover, NDIR sensors have limited miniaturisation potential as the number of measured gas
molecules decreases with the optical path length and thus the sensitivity decreases. Some new
approaches still give hope for miniaturised NDIR sensors. Vinvent et al. [51], for example,
recently presented a low cost, small volume (path length 4 cm) NDIR sensor with a resolution
of 50 ppm between 100 ppm and 20000 ppm. They used a lock-in amplier to reduce the noise
from the thermopile detector. Another way to decrease the path length is to introduce a CO2
absorbing material in the sensor, which enriches the gas chamber with CO2. This was done by
Moumen et al. [49] who used porous polyethyleneimine-coated Al2O3. In this case, however,
the absorption time should be controlled in order to enable CO2 quantication.
Optical indicators for CO2 also belong to the category of optical sensors. Unlike NDIR
sensors, these optical CO2 sensors are based on chemical reactions, which change the optical
properties of a substance, such as the uorescence spectrum. In the majority of cases, the
optical change is based on a change in the pH level of the substance. While aqueous solutions
of CO2 indicators are rather common and ecient [54], it is a dicult task to nd stable and
sensitive solid pigments. Carbamate ionic liquid in combination with chemically complicated
indicators, such as 6-(1-pyrenyl)hexyl-11-(1-pyrenyl)undecanoate, is one such example of a
solid indicator [48]. The main problem, however, is that all acidic gases from the atmosphere
change the pH level of such indicators. Moreover, solid pigments are often salts and, therefore,
have limited stability towards humidity [55, 56]. Mills et al. [55] could increase the stability
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of a solid CO2 indicator by using a hydrophobic pigment. The sensor was stable for 6 months,
however, the recovery time was 2 h and the sensitivity was only in the percentage range. Apart
from the instability and poor sensitivity, the quantitative measurement of optical indicators
requires a complicated optical readout structure, which makes them impractical for many
applications. As simple qualitative sensors, however, they might nd application in the eld
of food preservation as warning signal for leakage in vacuum sealed packages.
Electrochemical CO2 sensors with solid electrolytes are the second most common CO2 sen-
sor type. They belong to the group of chemical sensors which need a functional material in
order to sense a gas. Three types of solid-state electrochemical CO2 sensors can be distin-
guished: Type I (the gaseous species reacts with the mobile ions of the electrolyte), type
II (the gaseous species reacts with the immobile ions of the electrolyte) and type III (the
gaseous species reacts with the mobile ions of an auxiliary phase, which is in contact with
the electrolyte) [57]. Although a type II sensor with K2CO3 as solid electrolyte was the rst
one to be reported for the detection of CO2 in 1977 [58], today the most common and most
researched type is type III with NASICON (sodium(NA) Super Ionic CONductor) as solid
electrolyte and a metal carbonate as sensitive auxiliary phase [59]. When CO2 absorbs in the
auxiliary carbonate phase, it changes the potential of the sensing electrode, which is situated
between the auxiliary phase and the solid electrolyte. Situated on the other side of the solid
electrolyte is the reference electrode. It uses the O2 concentration of the surrounding air as a
reference potential. The potential dierence is then measured to determine the CO2 concen-
tration. Electrochemical CO2 sensors of this kind have a wide dynamic range from 50 ppm
up to 100000 ppm, they can reach a resolution of 50 ppm and have response times of less than
2min. Moreover, they are fairly selective and the selectivity can even get enhanced through
additional membranes, such as zeolites [60]. Disadvantages of electrochemical CO2 sensors
are their high operation temperatures around 450 ◦C, their cross-sensitivity to humidity, their
limited lifetime (≈ 2 years) due to oxidation and sodium migration [43, 47]. Moreover, they
cannot get integrated into semiconductor technology. Stability improvements are possible
through the use of binary carbonates (Li2CO3-CaCO3) or a closed reference electrode [59,
6163]. Conclusively, electrochemical CO2 sensors are a good low-cost and wide-range alter-
native to NDIR sensors, however, with a shorter lifetime, high operation temperatures and
also limited integrability. Commercial electrochemical CO2 sensors are produced, for example,
by Figaro Inc.
Electrical CO2 sensors have been tested for CO2 on the basis of amperometric [62, 64], re-
sistive [43, 65], conductive [6668], capacitive [47, 6973], semiconductive [74], work function
[75, 76] and eld-eect transistor [6, 16] sensing principles. The structure of electrical gas
sensors is often quite simple (two electrodes and a sensitive material in between) and they can
usually be fabricated using standard microelectronic processes. Amperometric CO2 sensors
are basically like electrochemical cells without a reference electrode. They have the possibility
to be operated at low currents, which supresses the unintended sodium ion migration and,
therefore, have a higher lifetime compared to electrochemical cells. Amperometric CO2 sensors
exhibit good sensitivity that is constant for at least 60 days [62]. Also approaches for minia-
turisation have been presented for this type of CO2 sensor [64]. However, they are still quite
complex and need high temperatures to allow the ions to ow through the solid electrolyte,
which is why they have not yet been commercialised. A work function type CO2 sensor was
presented by Ostrick in 1999 [75] using a Kelvin probe. It showed a resolution of 100 ppm
between 0 ppm and 3000 ppm CO2, however, also operated at elevated temperatures in order
to activate the reaction with BaCO3. Semiconductive and metal oxide-based CO2 sensors
have been tested as well, but are not very promising candidates due to their high operation
temperatures and bad selectivity and sensitivity [74]. Capacitive, resistive and conductive
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CO2 sensors are quite similar to each other except for the physical quantity that is measured.
Their sensor properties mainly depend on the sensitive material that is used. A new type
of capacitive CO2 sensor was introduced by Ishihara et al. in 1992 [71], who used a semi-
conducting combination of CuO-BaTiO3 as sensitive material. With this ceramic material,
high sensitivities could be reached in a wide dynamic range from 100 ppm up to 100000 ppm
CO2 in a laboratory environment [59]. The measured response time was three times faster
than that of commercial electrochemical CO2 sensors [59]. The operation temperature for this
material is around 450 ◦C. Materials which have also been used for capacitive CO2 sensors,
but operate at room temperature, are aminopolysiloxanes [69], amine-functionalised organic
polymers [72] and Teon AF 2400 [73]. The aminopolysiloxane-functionalised sensor showed
a resolution of 10 ppm between 100 ppm and 3000 ppm over a period of 8 months. The Teon-
based capacitive sensor showed a linear CO2 response between ppm levels and 100% CO2
with a precision of 10 ppm. Since the 1980s, conductive CO2 sensors have also experienced a
row of new, innovative materials for room temperature CO2 sensing. Such materials are, for
example, conductive polymers, ionic liquids, carbon nanotubes (CNTs) or graphene [67, 74].
The advantage of room temperature gas sensors is the low power consumption (< 50µW) that
can be achieved. Unfortunately, with decreasing operation temperature, cross-sensitivites be-
come more and more dominant, especially towards humidity. All in all, electrical CO2 sensors
are very adaptable, can be highly sensitive in an extensive dynamic range, they can be inte-
grated in microelectronic circuits and are possible to operate at room temperature. However,
cross-sensitivity is generally an issue.
Acoustic CO2 sensors , which can change their acoustic resonance frequency with the at-
tachment of gas molecules and the associated mass increase, were rst introduced as gas
detectors in 1964 by Kink Jr. [77]. Their use as CO2 sensors, however, started in the 1990s
with the introduction of room temperature CO2-sensitive coating materials, which they need
in order to interact with the ambient gases [78]. The rst amine-functionalised resonators
showed strong drifts and strong degradation during the rst month [79, 80]. Only in 1994,
with the introduction of hydrophobic alkyl groups into the sensitive material, Zhou et al. [81]
produced a CO2-sensitive QCM device which was stable for at least 9 months and showed
good, linear sensitivity between 50 ppm and 1000 ppm. Shortly afterwards, the idea arose of
using several resonators in an array in order to distinguish between dierent analytes. Hoyt
et al. [82] suggested that only 6 dierent lms on SAW resonators could be enough to dis-
tinguish between 28 dierent analytes through pattern recognition. SAWs and, especially,
FBARs have the advantage that they can be produced with standard MEMS technology and
thus are easily scalable down to a certain limit. Moreover, they have fast reaction times, low
power consumption and high sensitivity. However, the nal device sensitivity and reliability
basically depends on the functionalisation. Currently, most mass-sensitive CO2 sensors are
based on SAW structures functionalised with polyethyleneamine (PEI) [83], CNTs [83, 84],
Teon [45], zeolitic imidazolate frameworks (ZIFs) [85] or amines [81]. It has been proven
that high sensitivites in the required range of 500 ppm to 5000 ppm CO2 can be reached with
these devices [83]. However, strong drifts due to polymer ageing and humidity inuence, and
thus high false alarm rates, are still a problem. In many publications it has been observed
that, aside from the mass-eect, the elastic properties of the materials of which the resonator
consists also inuence the resonance frequency strongly. In 1996, Gomes et al. [86] were
the rst to report a phase-change-induced frequency increase as an analytical signal for the
detection of CO2. Also CNT functionalisations tend to induce stress on the resonator with
the adsorption of CO2. This results in a signal orders of magnitude higher than it is observed
for regular mass changes [84]. The sensing of acoustic changes next to mass changes enables
the possibility to distinguish between dierent gases as was suggested by Schreiter et al. [38].
They stated that it is possible to use only one functional material deposited in dierent thick-
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nesses to dierentiate between CO2 and humidity under the condition that both gases induce
a dierent change in the acoustic velocity of the material. Therefore, MEMS-based acoustic
sensors not only present a sensitive and inexpensive sensor type, but also a potential platform
to sense CO2 and other gases selectively on a very small and scalable sensor chip. Due to these
advantages, the present work focusses on functionalised FBAR arrays for the development a
new CO2 sensor, which fulls all sensor requirements for a new generation of applications.
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2.2 FBAR Fundamentals
2.2.1 Acoustic resonator theory
The heart piece of every FBAR is the thin layer of piezoelectric material, which can convert
the electrical signal to acoustic vibrations due to the piezoelectric eect. The piezoelectric
eect was discovered in 1880 by Jacques and Pierre Curie and describes the relation between
mechanical stress and electrical charge in certain materials with no inversion symmetry in
their crystal structure [87]. The quartz crystal, for example, is a well-known single crystal
with piezoelectric properties. Piezoelectic materials that can be deposited as thin lms and
thus be applied for FBARs are, for example, Zink oxide (ZnO) and Aluminum nitride (AlN)
[88]. If an electric eld is applied to a piezoelectric material, it responds with mechanical
stress leading to deformation (strain). The application of an alternating electric eld on the
resonator, therefore, creates periodic mechanical movement resulting in an acoustic wave. In
this wave, the molecular displacement can either be along the travel direction (longitudi-
nal mode) or perpendicular to it (shear mode). Which mode is excited primarily, depends
on the orientation of the piezoelectric axis relative to the electric eld. If the condition of
2d = λ(2n + 1), with n being an integer ≥ 0 and d being the thickness of the resonator, is
fullled, a standing wave of the wavelength λ can evolve in the material. This state, at which
the strain reaches a maximum through constructive interference, is called resonance.
In an acoustic resonator, the electric and mechanic properties are always connected. The
electromechanical coupling factor, kt, is a measure of the conversion eciency between me-
chanical and electrical energy and depends on the material parameters of the piezoelectric








with e being the piezoelectric constant, cD the elastic stiness at constant dielectric displace-
ment and εS the dielectric permittivity at constant strain [89].
If the resonator is regarded as an electronic component, the electric impedance, Zel, is an
important characteristic. It can be described as the sum of the external electric impedance,
which resembles a capacitor due to the insulating piezoelectric material, and the impedance
due to the electric contribution of the piezoelectric eect. If the electrodes are considered
innitesimally thin and the lateral dimensions of the resonator innitely large, the electric










with C0 being the static capacitance, d the thickness of the resonator, and ω and k the angular
frequency and wave number of the acoustic wave, respectively [89, 90]. The capacitance is
calculated from C0 = εSA/d, where A is the area of the resonator. Fig. 2.3 depicts the
fundamental mode of the electric impedance characteristics of an ideal acoustic resonator
close to the resonance frequency. Outside the resonance frequency, the behaviour is purely
capacitive. Close to the resonance it becomes purely inductive. It can be observed that
two resonance states exist. One resonance appears at constructive interference where the
amplitude of the impedance, | Zel |, becomes zero. It is called the resonance frequency, fr.
The other resonance occurs at destructive interference where the impedance becomes innite.
This one is called the antiresonance frequency, fa. At both resonances, the impedance phase
equals zero. As the tangent function in equation 2.3 is periodic, the resonance states will
occur periodically at higher modes.
The electromechanical coupling factor can now be described physically as the separation
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Fig. 2.3: Graphical representation of the complex electric impedance (left) and the magnitude and phase of
Zel plotted in the range of resonance frequencies for an ideal acoustic resonator (right).



















If the coupling factor becomes zero, as in the case of a non-piezoelectric material, fa will be
at the same frequency as fr and, through superimposition, the resulting impedance will show
the characteristic curve of a simple dielectric. Resonators with a high coupling factor, on the
other hand, will show a large inductive frequency range.
The graph in Fig. 2.3 depicts a perfect resonator with no losses. A real resonator shows a
shallower slope of the impedance phase around fr and fa and impedance magnitudes that
do not reach zero or innity. The entirety of all losses, including mechanical, electrical or
thermal losses, is described in the quality factor, Q
Q =
stored energy
dissipated energy per cycle
(2.5)
Mechanical losses, for example, which arise due to energy dissipation in materials that are





where η is the viscoelastic coecient, ρ the density and vac the acoustic velocity of the
transducer. In general, losses are higher for thin-lm piezoelectric crystals (QAlN < 2500
[25]) compared to single crystals (QQuartz > 105 [88]). One way to determine Q is through







The behaviour of an acoustic resonator can also be modelled through an equivalent resonant
circuit as depicted in Fig. 2.4. The circuit consists of a motional capacitor, Cm, and a motional
inductor, Lm, in series, representing the piezoelectric contribution, and a static capacitor, C0,
in parallel, presenting the non-piezoelectric contribution. If a capacitor in serial with an
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Fig. 2.4: Butterworth-Van-Dyke (BVD) model (black) and Generalised BVD model (black and red) of an
acoustic resonator. The amount of motional arms indicates the number of modelled harmonics.
inductor is charged and discharged alternatingly, the electric current resonates at a certain
frequency. If both elements are in series, the impedance becomes zero and if they are in
parallel, it becomes innite. Thus, the resonance and antiresonance are also often referred to
as serial resonance, fs, and parallel resonance, fp. In order to include acoustic losses, which
appear in all non-ideal materials that exhibit a small portion of viscoelastic energy dissipation,







Higher resonating modes can be modelled with additional motional branches as shown in
Fig. 2.4 on the right side of the circuit. The presented model is the well known Butterworth-
van-Dyke (BVD) model. After its introduction, it got further generalised for real applications
by Ruby et al. [91] and Jin et al. [92] who added RS for electric losses from the electrodes and
R0 for the dielectric loss of the resonator. The BVD model is regularly used for the design of
lters and oscillators [93].
2.2.2 The Mason Model
Solving the one-dimensional wave equation for a simple acoustic resonator (piezoelectric layer
with thin electrodes) analytically can already be very complex [89]. As real FBARs consist of
many layers (acoustic mirror, nite electrodes, potential adhesion, passivation and tempera-
ture compensation layers), the resonator impedance characteristics can only be solved through
adequate models. Aside from the BVD model, the Mason Model is amongst the best known
and most accurate models for complex resonator structures. It connects the dierent layers
through an acoustic transmission line model [94, 95] where each layer has a specic acoustic
impedance, Zac. The acoustic impedance is a measure for the resistance an acoustic wave
experiences when travelling through a material. It is dependent on ρ and vac of a material,
which can be determined experimentally. For the electric representation of an acoustic wave
in the Mason model, an analogy is usd: The mechanical stress (force, F ) is treated like the
electric voltage and the velocity of particle displacement, v, is treated like the electric current.




= ρ · vac (2.9)
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Fig. 2.5: (a) Geometry of a piezoelectric layer with bulk acoustic wave excitation in the z-direction and (b)
Mason model equivalent circuit for this layer . The red part represents the electric port coupled to the acoustic
part of the circuit.







For crystalline materials, c is a three-dimensional tensor that has dierent values for dierent
crystal orientations. Therefore, the value of vac also depends on the propagation direction
and the excitated mode.
The Mason model is derived from the one-dimensional wave equations of an incident and a
reected wave in a geometric structure as shown in Fig. 2.5a [89]. With the electric equivalents
that were introduced before (F , v), the results can also be represented in the form of a T-type
equivalent circuit as is depicted in Fig. 2.5b. The black parts of the picture show the acoustic
equations for a non-piezoelectric layer and can be solved by using Kirchho's voltage law.
The open ends on the left and right side of this circuit are called acoustic ports. If other
non-piezoelectric layers are added on top or at the bottom of the layer presented here, other
T-type circuits are added on the right or the left acoustic port, respectively, building up to
the total transmission line. For each layer, the corresponding values for Zac and d have to
be inserted. A boundary to air can be represented by a short circuit at an acoustic port due
to the low acoustic impedance of air compared to the resonator. For a piezoelectric layer,
the coupling between electric and acoustic energy has to be accounted for as well. In the
Mason model this is done through and additional electric port, which is connected to the
acoustic circuit by a transformer (red parts in Fig. 2.5). The performance of the transformer
is dependent on kt. On the electric side of the model, a positive and a negative clamped
capacitance can be found. The negative capacitance cannot be explained physically, however,
it can be transformed to the acoustic side of the transducer [96]. In the end, the electric
impedance, as a function of the input frequency, can be extracted from the Mason model
by applying regular approaches known from electrotechnology. Assumptions that have to be
made for this model are the use of only homogeneous materials and innite dimensions of the
resonator in the plane directions.
The Mason model was simplied in 1970 by Krimholtz, Leedom and Matthae [97] to become
the KLM model. Although being simplied, it usually provides suciently accurate results,
which has led to its regular use in medical imaging or lter applications [98].
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2.2.3 Sensing theory
The velocity and amplitude of an acoustic wave travelling through a material can be inuenced
by the materials acoustic properties and any changes to it. Thus, by measuring the phase
and magnitude of the electric impedance of a resonator, conclusions can be drawn about the
physical state of all materials in the path of the wave.
Thin rigid lms
In 1959, Sauerbrey was the rst to use an acoustic resonator as a sensor [21]. He discovered
that a QCM decreases its resonance frequency if a thin lm is deposited on its surface, i.e.
its weight is increased. If the material is known, this can be used to determine the weight
or thickness of thin lms. Sauerbrey describes the correlation between mass increase and
resonance frequency decrease by mathematically equating the mass increase with a theoretical






ρ · d ·A
(2.11)
with f0 being the initial resonance frequency of the non-coated QCM, ρ the quartz density
and A the resonator area. Furthermore, ∆f and ∆d are the incremental changes of f0 and
d upon the mass increase, ∆m. Including the resonance condition, d = λ/2 = vac/2f0, the
Sauerbrey equation changes to
∆f = − 2 · f
2
0
A · ρ · vac
·∆m (2.12)
The Sauerbrey equation is only valid for very thin, rigid and evenly distributed top loads and
small frequency changes.
Liquids
In the 1980s, it was furthermore discovered that the QCM can be used to sense the density and
viscosity of liquids on its surface [99, 100]. This is possible because a thin layer of the viscous
liquid close to the resonator surface gets excited with the shear movement of the resonator,
thus acting like a mass-load. A shear movement is required when measuring in liquids, as
the energy of longitudinal waves would dissipate immediately into the liquid. Kanazawa and
Gordon [100] developed a model that suciently describes the resonance frequency change of




π · ρ2 · v2
f30 (2.13)
with ρl and ηl being the density and viscosity of the liquid, respectively.
Viscoelastic lms
Many sensing applications nowadays require the consideration of a third case, which is the
loading of the resonator with a viscoelastic lm, such as a polymer. As the name says,
viscoelastic materials exhibit elastic and viscous contributions. The elasticity describes the
linear relation between the applied stress, T , and the caused strain (deformation), S
T = c · S (2.14)
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The linear factor, c, also called modulus, is a measure for the stiness of the material and
shows the ability of a material to resist deformation. As c depends on the direction in which
the stress is applied (pressure, torsion, shear stress) as well as on the crystal orientation of
the material, c is a four-dimensional tensor. In the case of a shear wave travelling through
an FBAR with c-axis inclined ZnO, for example, the value of c44 (after Einstein summation
convention) has to be applied as elastic modulus for ZnO [101]. The second contribution in a
viscoelastic material is its viscosity. The viscosity describes the ability of a material to relax
(decrease strain) through the rearrangement of molecules or atoms when stress is applied.
This relaxation is time dependent and results in a permanent plastic deformation. As a result
of this deformation, some of the energy stored in the elastic deformation is lost.
In order to measure the elastic and viscous contributions, a frequently used method is the
application of oscillatory stress and measuring the phase shift, δ, between stress and strain.
This yields the complex dynamic modulus, Ĝ
Ĝ = G′ + jG′′ (2.15)
where G′ is the storage modulus (elastic contribution) and G′′ is the loss modulus (viscous
contribution). Both parameters relate through the following equation:
G′′
G′
= tan δ (2.16)
If strain and stress are in phase, both δ and G′′ are zero - the material is purely elastic.
If strain lags stress by a 90◦ phase lag, G′ becomes zero and the material behaves purely
viscous. The thicker the viscoelastic lm on a resonator, the more of the resonating acoustic
wave is immersed in this lm and the more phase lag can occur. This explains why the
Sauerbrey equation for rigid lms always applies for suciently thin lms, even if the lm
material exhibits viscous contributions. For organic polymers, which are typical viscoelastic
materials, two states can be distinguished based on their dynamic modulus: If G′G′′, the
polymer is considered to be in its glassy state. If G′ ∼ G′′, the polymer is in its rubbery state.
Both, G′ and G′′ depend on the applied frequency and temperature. Although the observed
dependencies are very dierent for dierent polymers, in general, both parameters increase
with increasing frequency and decrease with increasing temperature.
In the equivalent circuit models presented previously, viscoelastic lms can be implemented
through a complex acoustic load impedance, ẐL, either on the motional branch of the BVD
model or on the acoustic port of the top layer in the Mason model [102, 103]. The load
impedance is not an intrinsic material parameter but depends on the geometry of the lm.
For a thin, homogeneous and planar viscoelastic top layer, where the wave is reected on the







where r represents the reection coecient of the shear wave from the resonator to the vis-
coelastic lm. In this model a pure shear mode excitation and lateral homogeneity of the
viscoelastic lm are assumed. Furthermore, the resonance frequency is taken as a complex
quantity f̂ = f + jΓ with Γ being half of the full width at half-maximum (FWHM) of the
resonance and, thus, a measure for the energy loss (Γ = fr/2Q). This leads to the following








where ZR is the impedance of the unloaded resonator [104106]. Substituting ẐL with eq. 2.17
and calculating r analytically similarly to the evaluation of reectivities in optical multilayers,
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we get to the following expression for the resonance frequency shift upon deposition of a
viscoelastic lm
∆f̂ = − f0
πZR
√








For very thin lms, when viscous contributions can be neglegted, the approximation tan(x) ≈
x yields the Sauerbrey relation
∆f̂ = −2 f0 f̂
ZR
ρ d = −2 f0 f̂
AZR
·∆m (2.20)
For thicker lms, the frequency shift is not only inuenced by the layer mass, but by a
combination of ρ and Ĝ. In order to extract G′ and G′′ from equation 2.19, the Taylor series
can be carried out for suciently thin lms [107]. Otherwise, the parameters have to be
tted to experimental data or get extracted from overtones [106]. Reliable values for G′ and
G′′ can only be obtained above a certain lm thickness when viscous contributions become
independent of the lm thickness. The elastic properties (G′) can roughly be determined by
measureing the acoustic velocity, similarly to eq. 2.10.
Apart from determining viscoelastic properties of thin lms, the loaded resonator can also
be used to detect chemical or biological substances, which change these properties [19, 28,
29, 36]. One detection mechanism is the measurement of increased mass when molecules
are adsorbed on the sensitive lm. This higher mass causes a negative resonance frequency
shift, which can be seen especially in thin lms when the Sauerbrey relation holds. It is
often used for the detection of single biological molecules. In 1990, however, Martin and Frey
[108] discovered another sensing possibility. They found that adsorbed gas molecules can also
change the viscoelasticity (Ĝ) of, for example, polymers. Grate et al. [109] later conrmed
that the sensor response of 15 out of 18 polymer-gas combinations is 3  4 times larger than the
mass increase would suggest, which can be explained with the viscoelastic sensing eect. The
eect was explained by gas-induced swelling when small gas molecules expand the polymer
network. Polymer swelling is often accompanied by a decrease in G′ and G′′ due to higher
chain exibility and lower friction. From eq. 2.19 it becomes apparent that a decrease in Ĝ
also causes a decrease in the resonance frequency.





where cS is the vapor concentration in the solid phase and cg is the vapor concentration
in the gas phase. Rubbery polymers were found to exhibit better gas adsorption kinetics
and are thus preferred in gas sensors [110]. However, also the observed swelling is stronger
in rubbery materials, which has to be considered when analysing the resonance frequency shift.
2.2.4 Film resonance
A resonator that is loaded with a viscoelastic polymer cannot transfer the acoustic wave in
the same way as for a rigid load, which leads to dierent resonance behaviour. Due to inertial
eects of the viscous contribution, the phase on top of the viscoelastic lm lags behind the
wave at the resonator/lm interface. The acoustic impedance at the resonator/lm interface
depends on the phase lag of the reected wave. If the phase lag reaches π/2, the shear
stresses of the lower lm surface interfere constructively with those reected from the upper
lm surface. At the same time, shear particle velocities interfere destructively. This leads to
an innite acoustic impedance and maximum coupling of acoustic energy from the resonator
to the lm. This eect is called lm resonance. At lm resonance, the attenuation of the
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Fig. 2.6: Modelled relative shift of the real and imaginary part of the resonance frequency for a resonator
coated with a viscoelastic lm depending on the lm thickness for dierent fundamental resonance frequencies
[104].
acoustic wave reaches a maximum and the wave velocity decreases dramatically [105, 111,
112]. Mathematically, the lm resonance is a special case of eq. 2.19 when the term inside
the tangent, which presents the phase shift of the reected wave, gets close to the pole of the
tangent. Fig. 2.6 shows a graphical simulation of this equation close to the lm resonance for
given acoustic parameters. The left graph represents the relative resonance frequency shift of
Re(f̂) with increasing viscoelastic lm thickness and the right graph shows the corresponding
relative change of Γ (Im(f̂)), which represents the wave attenuation [104]. In this example,
lm resonance can be observed around a lm thickness of 6µm when the attenuation reaches
a maximum and the resonance frequency increases above its initial value. At very thin lms,
however, the frequency shift is almost linear and the attenuation close to zero because viscous
contributions (phase lag) in the lm can be neglected. The critical lm thickness at which










This reveals that lm resonance may already occur in very thin lms if either the resonance
frequency is suciently high or Ĝ suciently small. For example, Martin et al. [111] show
that a rubbery polymer (G′ ∼ 103Ncm−2) already exhibits lm resonance at a thickness of




In order to create a chemical gas sensor, the FBAR transducer needs to be coated with a
sensitive receptor. This receptor is usually a thin, solid layer with good specic gas adsorption
properties. Gas adsorption leads to certain changes, including the resonator mass and the
dynamic modulus of the sensitive layer, which can then be detected as resonance frequency
shift of the FBAR. In order to adsorb gases selectively, either a physical or chemical attraction
needs to exist between the gas and the sensitive material [113].





• mechanical and chemical stability
• activation temperature
• processability
Depending on the targeted application, these characteristics vary in their signicance. For the
detection of CO2 in air quality monitoring applications, for example, the material should be
sensitive in the dynamic range of 400 ppm to 5000 ppm without saturation of adsorption sites.
Between 400 ppm and 2000 ppm the sensitivity should be high enough to yield a resolution of
50 ppm. For this, enough CO2 needs to be adsorbed, also at low partial pressures, in order to
change the mass of the resonator or the dynamic modulus of the functional layer. Regarding
selectivity, the material should ideally only adsorb CO2 and be insensitive towards other gases
that are commonly present in air, such as N2, H2O, O2, volatile organic compounds (VOCs),
H2, Ar, CH4, CO, N2O. Therefore, the interaction between CO2 and the sensitive material
should be strong, however, not too strong in order to release the gas reversibly. Reaction times
for gas adsorption and desorption of < 10min are acceptable for air quality measurements
but should be faster for early-warning sensor systems. The material should ideally exhibit
a stable performance over 5  10 years in an indoor environment, which means it has to
tolerate changing humidity from 30%  80%, changing temperature from 10 ◦C  40 ◦C and
the occurrence of typical ambient gases. In order for the gas sensor to work economically with
low power consumption, the activation temperature of the sensitive material should be room
temperature. However, for other sensor solutions, such as in power plants, the sensor material
needs to be optimised for higher temperatures and a more aggressive chemical environment.
Finally, the material should be processible as a thin (10 nm  500 nm) and homogeneous lm
over the FBAR surface with good adhesion and with processing temperatures below 400 ◦C
(limited by Al structures inside the FBAR).
Fig. 2.7: Mesomeric structure of CO2.
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2.3.2 Classes of CO2 sorbents
Finding suitable sensor materials that interact with CO2 at room temperature is challenging.
This is due to the fact that CO2 is a colourless, odourless, rather inert and nonpolar molecule
with a size similar to many other atmospheric gases, such as N2, O2 and H2O. Its mesomeric
structure is shown in Fig. 2.7. Specic interactions of CO2 with other materials are, therefore,
almost exclusively based on its permanent quadrupole moment (for physical attraction) or
its ability to accept electrons from a donor compound (chemical reactions with CO2 as Lewis
acid) [83, 114, 115].
Research on CO2-sensitive materials was driven in the past decades by the strong interest in
CO2 capturing materials. The main targets for CO2 capture are fossil fuel-red power plants,
which are responsible for 77% of all anthropogenic CO2 emission world wide [116, 117]. With
the introduction of the Kyoto protocol in 1997, the pressure on such power plants to nd an
ecient way to separate CO2 from ue gases in order to minimise climate damaging emis-
sions, increased signicantly. Also the regeneration of air in submarines, spacecrafts or mines
requires the use of CO2 capturing materials [118, 119].
This motivation to nd CO2 sorbents has led to the development of a vast amount of dier-
ent CO2 adsorbing materials, which all have their individual advantages and disadvantages.
Many of the most common adsorbents are liquids (mono- and diethanolamine, poly(ionic liq-
uid)...) [120, 121], which are unsuitable for the functionalisation of a solid-state sensor such
as the FBAR. However, due to the advantage of lower energy consumption if CO2 is released
from solid capture materials instead of liquid ones, solid CO2 sorbents have been researched
extensively as well. A summary of solid CO2 sorbents can be found in the reviews of Choi et
al. [121] and Bollini at el. [122], who categorise them into physisorbents and chemisorbents.
Physisorbents
The gas adsorption in physisorbents is encouraged by physical attraction or physical exclusion
of other gases. One example of CO2 physisorbents are Zeolites. Zeolites are microporous
aluminosilicate minerals composed of tetrahedral TO4 units (T = Al3+, Si4+), as shown in
Fig. 2.8 a. Adjacent TO4 units are linked through one oxygen molecule and, together, they
form large three-dimensional framework structures. If one Al3+ connects to one Si4+, the
framework charges negatively. This negative charge is neutralised by exchangeable metal
cations, such as Na+. Due to their porous structure, mechanical stability and molecular sieve
properties, zeolites present a suitable adsorber material for gases.
For the adsorption of CO2 on zeolites it was found that small concentrations of CO2 (<300 ppm)
adsorb chemically on the surface in the form of carbonate or carboxylate compounds, whereas
larger concentrations (>1000 ppm) mainly adsorb physically through ion-quadrupole interac-
tions [123, 124]. Zeolites were already investigated as CO2 adsorbents for air regeneration
in space-vehicles in 1969 [125] and since then, extensive research has been done in order to
enhance its CO2 capacity and sensitivity [123, 126]. Zeolites are valued for their stability and
their high CO2 capacity (up to 4.6mmol adsorbed CO2 per g zeolite at 1 atm CO2 [116]) at
room temperature. Their chemical and physical properties can easily be altered and, com-
pared to other physisorbents, they adsorb CO2 already at relatively low partial pressures of
1mbar (1.000 ppm) [114].
However, zeolites have one major disadvantage: their cross-sensitivity to water vapour. While
the chemical adsorption of CO2 can be enhanced through humidity [127], water molecules also
compete with CO2 for vacant cavities in the zeolite and thus inhibit CO2 adsorption. Due to
the large inuence of humidity, most research on CO2 adsorption in zeolites is done in dry
atmosphere. For practical applications this means that the gas stream has to be dehumidied
in a cost-extensive procedure.
Similar to zeolites, activated (microporous) carbons adsorb CO2 through physisorption
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at room temperature. The advantages of carbonaceous adsorbents are their thermal stability,
chemical resistance, low cost and, compared to zeolites, easier preparation and higher water
resistance [117]. On the downside, their selectivity is very limited [128] and they have a rel-
atively low CO2 capacity (2.5mmol g−1 at 1 atm) unless under high pressure, in which case
their capacity exceeds that of zeolite's [128, 129].
Other forms of carbon, such as carbon nano tubes (CNTs), were found to be more promis-
ing regarding CO2 selectivity [132]. CNTs have received considerable attention since the
1990s due to their interesting mechanical and electrical properties. They can be described as
cylindrical chains of hexagonal carbon ring units, almost like seamless, rolled up graphene,
terminated by hemispherical fullerenes (see Fig. 2.8 b). Their dimensions are a few nanome-
ters in diameter and tens of micrometers long [130].
Computational studies have shown that nonpolar molecules, such as CO2, are physically ad-
sorbed in the center of a carbon hexagon with the alignment in direction of the tube axis
[133, 134]. The adsorption of CO2 is reversible at room temperature and, due to the hy-
drophobic character of CNTs, is little aected by humidity. As CO2 is a reducing agent, its
adsorption can also change the electrical properties of CNTs [133]. Moreover, it has been
reported that mechanical stress is introduced to CNTs due to CO2 adsorbtion, which could
be measured with an acoustic resonator [84]. Capacities reached with CNTs are in the range
of 4− 9mmol g−1 [132].
Although CNTs are less aected by humidity cross-sensitivity, they still have some disadvan-
tages. First of all, their preparation is still dicult and, therefore, more expensive compared
to zeolites and activated carbons. Moreover, their selectivity to CO2 is insucient and they
can become contaminated with NH3 which adsorbs irreversibly [135].
Metal organic frameworks (MOFs) are a relatively new class of physisorbents. They are
crystalline materials of metal cations or clusters of cations, which are linked by organic ions
or molecules. The cluster of molecules and ions creates a porous structure, which is ideal
for gas diusion. The possibility to vary the organic linkers translates to a huge variety of
dierent pore sizes, shapes and chemical potential. This makes MOFs very desireable as gas
adsorbents and for gas storage [116, 136].
Compared to other physisorbents, MOFs can be more selective and have higher capacities for
Fig. 2.8: (a) Typical structure of a zeolite with channels of 12 oxygen atoms. Only one pore of a regular,
three-dimenional zeolite structure is shown. (b) Single-walled CNT rolled up in the armchair formation with a
CO2 molecule weakly adsorbed onto the surface [130]. (c) Structure of a ZIF (type of MOF) with tetrahedral
coordinated Zn2+ and imidazolate linkers. Only one pore of a three-dimensional framework is shown [131].
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CO2 (8.5mmol g−1 at 1 atm; 54mmol g−1 at 50 atm [137]). CO2 interacts through quadrupole-
ion interactions with cations such as Co2+ or Al3+ [136]. However, a big weakness is their
instability, especially in the presence of water where most MOFs dissolve [121, 137].
One way to increase the stability of MOFs is to introduce hydrophobic cross-linkers, as was
successfully done by Zhang et al. [138]. Another method is the stabilisation of the core-shell
structure. One group of MOFs which has a very stable structure, and also high anity towards
CO2, are zeolitic imidazolate frameworks (ZIFs). ZIFs consist of groups of tetrahedral
metal ions (often Zn2+) linked by the organic molecule imidazolate (Fig. 2.8 c). The angle
between the metal ion group and the imidazolate is similar to the Si-O-Si angle of zeolites
from which they got their name. According to Phan et al. [139], they are the best porous
materials for selective CO2 capture on the basis of physisorption (in 2010). They are porous,
water stable, temperature stable, tunable like MOFs and have an extremely high capacity.
For example, 1 L of ZIF-69 can store up to 82L of CO2 at room temperature and low pressure
[139]. CO2 can be released easily when purging with N2 at ambient temperature and the
adsorption capacity can even increase in humid conditions due to increased electrostatic in-
teractions [140]. The exploration of MOF and ZIF structures has only just started and will be
very interesting to follow in the next years for highly ecient CO2 sorbents. One limitation
for their large-scale production, however, is their slow crystal growth.
Chemisorbents
Compared to physisorbents, the gas adsorption in chemisorbents is based on chemical re-
actions, which can be much more selective than physical attraction. A common group of
CO2 chemisorbents are metal oxides. At high temperatures (300 ◦C to 700 ◦C), they form
carbonates and bicarbonates on the basic sites of alkali and alkaline earth metal oxides [121,
141]. The high operation temperature also minimises cross-sensitivites, especially to humidity.
Some metal oxides (ZrO2, TiO2, MgO, Al2O3) were also found to adsorb CO2 at temperatures
below room temperature. In this case, however, an activation step had to be performed and
cross-sensitivities were not examined [142]. Metal oxides are very cheap and exhibit high CO2
capacities (17.8mmol g−1 in CaO at 0.15 atm and 600 ◦C [143]). However, due to their rapid
degradation during the rst adsorption/desorption cycles and their relatively slow chemical
adsorption kinetics, they have not found their way into commercial CO2 adsorbents [121, 144].
However, for sensor applications that do not rely on mass changes but, for example, electrical
changes, metal-oxides are commonly used as CO2-sensitive materials [145, 146].
A minor group of chemisorbents are hydrotalcite-like compounds. They belong to the
group of anionic clays and consist of positively charged hydroxide layers (e.g. Mg(OH)2) with
interlayers of anions (e.g. CO2−3 , OH
−) with which CO2 can form surface complexes. They are
also high-temperature sorbents (≈ 500K), however, with low CO2 capacities of < 1mmol g−1
at 1 atm. One of their advantages is their high resistance towards water vapour and their
stability after an initial decrease in capacity. [121, 147]
Alkali metal carbonates, such as K2CO3 or Na2CO3, have been investigated for CO2 sorp-
tion because of their basic sites, their moderate operation temperatures below 200 ◦C and
their low costs. Carbonation occurs via the following chemical equation:
M2CO3 +H2O + CO2 −→ 2MHCO3 (2.23)
with M being the alkali metal atom. Heat treatment of 100-200 ◦C can desorb CO2 again.
Alkali metal carbonates have shown high capacities, for example, 7.23mmol g−1 for K2CO3
[116]. This material was also used to coat other sorbents, such as silica gel to enhance their
CO2 uptake [148, 149].
The group of solid amine-based sorbents is the widest and most discussed group of all
solid CO2 sorbents. Since the rst notion of solid oxide-supported amines in 1992 by Tsuda
32 2 Fundamentals
Fig. 2.9: (a) Classes of supported amines. Class 1 - impregnated, class 2 - covalently tethered, class 3 - in-situ
polymerised and (b) commonly used amines and silanes for solid amine-containing adsorbents. Taken from
[122] .
et al. [150], over 70 publications could be found by 2010 alone on this topic [151]. As or-
ganic amines are usually liquid substances, they either have to be polymerised or connected
to a solid support, in order to yield solid amine sorbents. Solid supports can be alumina
[49, 152], silica gel [153, 154], zeolites [155, 156], porous polymers [157], activated carbon or
CNTs [156], and mesoporous silica, such as SBA-15, MCM-41 and MCM-48 [10, 119, 154,
158160]. Regarding the amine-attachment, supported amines can be categorised into three
classes (see Fig. 2.9 a): Class 1 are pre-synthesised amines, which are simply impregnated
onto the support [161]. High amine loadings can be achieved with this method, however, high
degradation due to amine leaching is also observed. CO2 capacities are around 3mmol g−1
at 1 atm for this class. Class 2 are amines that are covalently tethered onto the support.
For this, aminoalkylalkoxysilanes react in a co-condensation step with the surface hydroxyl
groups of the silica surface forming a monolayer of amines [150]. The eciency of these CO2
adsorbents is limited by the surface area of the support, amine-load per molecule and amine
proximity. For this class, primary and secondary amines were found to be more ecient than
tertiary ones and a maximum capacity of 2.65mmol g−1 at 0.05 atm was reported [162]. One
of the most oftenly tethered silanes is 3-aminopropyltrimethoxysilane (APS or APTS), which
is depicted in Fig. 2.9 b amongst other frequently used amine-containing adsorbents. A third
class (Class 3) of supported amines is based on in-situ polymerisation of amine monomers
onto silica supports to yield hyperbranched aminosilica (HAS) [122]. HAS has a high average
capacity of 2mmol g−1 [163] and combines the high amine-loading of class 1 adsorbents with
the high stability of class 2 adsorbents [121, 122].
Another way to yield solid amines is the synthesis of high-molecular-weight polymers through
(co-)polymerisation of amine-containing monomers. Amine-functionalised polymers with an
organic backbone, such as polyaniline, polyimide or various co-polymers out of, e.g. poly-
Fig. 2.10: Basic types of amine conguration.
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ethyleneimine and PMMA, have been reported as promising materials with high CO2 capac-
ities [116, 121, 164]. Reasons why they are not commercially used are their high production
costs and sometimes poor stability under humid conditions. Another approach is the syn-
thesis of semi-organic polymers with polysiloxane as backbone and organic alkylamine side
chains. Polysiloxanes are well-understood polymers, which exhibit excellent gas permeability
and adhesion properties due to their high free volume and low surface tension, respectively.
Moreover, they are inexpensive, exible in their chemical conguration, hydrophobic and ther-
mally and chemically more stable than organic polymers [165167].
Amines react with CO2 through an acid-base reaction. Amines are nucleophilic (basic) and,
therefore, very attractive for acidic, electrophilic molecules, such as CO2. The reaction mech-
anism is well understood for liquid amine solutions: In the absence of water, primary and
secondary amines (see Fig. 2.10) can react with CO2 to form a zwitterionic intermediate struc-
Fig. 2.11: Current understanding of formed adsorption products if CO2 reacts with (a) liquid amines and (b)
solid amines [121, 168176]. In (b) typical FTIR bands for the adsorption products are included.
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ture as seen in Fig. 2.11 a. This compound spontaneously converts to ammonium carbamate
under the consumption of a second amine. In the presence of water, a second reaction path
is possible with water substituting the second amine as base. This results in the formation of
ammonium bicarbonate. It should be noted that the capture of one molecule of CO2 requires
two amines under dry conditions and only one amine in the presence of water. The activation
energy for the formation of bicarbonate was found to be lower, however, its formation rate is
smaller [121, 168, 169].
Although the reaction mechanism of amines and CO2 in liquid solutions seems to be rather
simple, a lot of eort had to be put into the understanding of the reaction of CO2 with
solid amines. Numerous, partly contradictory, studies were published about CO2 adsorption
products seen in FTIR spectra [119, 121, 153, 159, 162, 177, 178]. For example, Chang et
al. [119] assigned several bands to the species monodentate carbonate, bidentate carbonate,
monodentate bicarbonate, bidentate bicarbonate and carbamic acid, while Leal et al [153]
assigned the same bands only to ammonium carbamate and bicarbonate and Hiyoshi et al.
[159] assigned them only to ammonium carbamate. Recently, more insight was gained into the
actual reactions by applying time-resolved infrared spectroscopy and tailored amine-densities
[170176]. A summary of the proposed reaction products is presented in Fig. 2.11 b. Most
authors agree that under both, dry and humid conditions, ammonium carbamate is the main
reaction product of CO2 adsorption on solid amines. The formation of ammonium (NH+3 )
and carbamate (NHCO−2 ) could clearly be identied by using materials with high and low
amine-loading, 13CO2 adsorption and CO2-independent amine protonation [173, 176]. The
second most reported reaction product is carbamic acid, which also forms under dry and
humid conditions [171, 172, 175, 176]. Whether carbamic acid preferrably forms under dry
or wet conditions is still an issue of discussion [175, 176]. As carbamic acid is not stable at
room temperature, it was suggested that the compound is stabilised by neighbouring amine or
hydroxyl groups [172]. Both, ammonium carbamate and stabilised carbamic acid supposedly
form through a zwitterionic intermediate as in liquid amines. Evidence was presented by Yu
et al. [176] who found that the ammonium formation is preceded by the carbamate forma-
tion. It was furthermore proposed that primary amines primarily form carbamates, whereas
secondary amines are more likely to form carbamic acid [179]. Another compound, which
was only found under dry reaction conditions and for low amine-densities, is surface bound
carbamate [172, 173, 175]. It forms through a hydroxyl group on the supporting material and
is stable under dry conditions, however, can be desorbed in humid atmosphere, which leads to
the liberation of free amines. For a long time it was believed that solid amines also form am-
monium bicarbonate under humid conditions, however, only recently the group of Didas [175]
found direct evidence for this compound after exposing a material with low amine-density to
humid air for more than 10 hours and applying FTIR spectra deconvolution.
The interaction between CO2 and amines is stronger than Van der Waals forces and weaker
than covalent and ionic forces. The binding energy was found to be around 50 kJmol−1 [158],
which ensures easy release of CO2 if the partial pressure is decreased or the temperature is
increased [119, 153, 180].
Although amines are more selective than physisorbents, some gases, such as water vapor, H2S
[154], SOx or NOx [10, 83, 121, 167] can still react with the amine sites and thus lead to cross-
sensitivites. The cross-sensitivity towards water can be reduced by the combination of amines
with hydrophobic support materials, such as CNTs [83] or polysiloxanes. The competitive
chemical adsorption of other acid gases, however, can not easily be avoided and often leads to
irreversible blocking of amine sites, which decreases the amine capacity for CO2 adsorption
[10, 181]. Xu et al. [181], for example, found that already 60 ppm  70 ppm of NOx are enough
to poison amine sites irreversibly. The rate of the poisoning, however, is a lot slower than
the rate of CO2 adsorption [10]. Other reasons for a performance degradation can be changes
in the chemical structure of amines. It was reported that amine degradation is connected to
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the formation of ureas and amides [151, 162, 166, 180, 182] or to the formation of irreversibly
bound ammonium carbamate [183185]. Urea, which is characterised by a carbonyl group
(C=O) that connects two amine groups, has been observed to form at elevated temperature
(70 ◦C) [166] and under dry conditions [162]. Solidly bound ammonium carbamate might de-
velop after long adsorption times [184]. With alumina supports also the formation of imines
has been observed [152], which indicates that the substrate strongly inuences the amine sta-
bility. Kuwahara et al. [180], for example, could suppress urea formation by adding zirconium
atoms to the silica support. This also led to a higher thermal amine stability. Usually, amines
are thermally stable up to 225 ◦C [10, 154, 186].
2.3.3 Suitabe materials for the functionalisation of the FBAR
Based on the sensor requirements and the CO2 sorbents presented in the previous sections,
potential materials for the functionalisation of the FBAR for CO2 sensing can be selected and
evaluated. In Tab.2.1, the individual material suitabilities are summarised. Physisorbents
stand out due to their ecient operation at room temperature, fast adsorption/desorption
kinetics, reversibility and physical stability. Selectivity and sensitivity, however, are usually
not sucient for the requirements needed for air quality measurements. Especially the cross-
sensitivity to water is a problem for most physisorbents. Moreover, physisorbents are often
porous and crystalline structures that are dicult to implement as thin layers on FBARs.
Nevertheless, CO2 sensors on the basis of zeolites and CNTs were explored and, as expected,
showed good stability and reversibility but only resolutions of ∼ 2000 ppm and high humid-
ity cross-sensitivity [84, 135, 187, 188]. ZIFs are probably the most promising physisorbents
for CO2, as they are tunable, exhibit high gas capacity and are rather sensitive. Even the
cross-sensitivity to water can be limited through the use of hydrophobic ZIF structures. Nev-
ertheless, few reports on ZIF-based CO2 sensors exist as of yet. One example is the report
published by Hwang et al. [85] who deposited ZIF-69 via dielectrophoresis onto a microscale
resonator. After some geometrical adjustments, the resulting sensor showed CO2 sensitivity
in the range between 0 ppm and 6000 ppm with a resolution of 5 ppm. The ZIF layer obtained
through dielectrophoresis, however, merely showed an accumulation of crystals rather than a
closed, uniform layer as is aspired for the functionalisation of the FBAR. These results suggest
that ZIFs present a promising new sensing material for CO2 adsorption but rst more research
needs to be put into their fabrication processes.
In order to make physisorbents more sensitive and selective, they can be combined with
chemisorbents, such as amines. Especially CNTs are favoured molecules for amine-function-
alisation due to their high hydrophobicity [156, 189]. Serban et al. [83], for example, were
able to improve the CO2 sensitivity, selectivity, reaction times, repeatability and long term
stability of an SAW sensor by combining CNTs with amines (PEI). The gained sensor perfor-
mance exceeded that of the same sensor functionalised with bare CNTs as well as when the
sensor was functionalised only with PEI.
Chemisorbents have less problems with sensitivity and selectivity, however, their stability can
be insucient and they often require high operation temperatures. Metal oxides can yield
highly sensitive CO2 sensors [47, 66, 74] but will not further be discussed here due to their
operation temperatures around 500 ◦C. The same applies for hydrotalcite-like compounds and
metal carbonates.
Amine-based materials oer high sensitivity, selectivity and acceptable reaction kinetics at
room temperature [121]. Aminopolysiloxanes are to be preferred over supported amines as
they are easy to deposit as thin lms from a solution, they exhibit high gas permeability, good
adhesion properties, mechanical stability and are easily synthesised.
Zhou et al. [81] were the rst to introduce a resonator functionalised with poly(γ-amino-
propyl ethoxy/ propylethoxysilane) brush-coated onto a QCM. They obtained an almost lin-
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Tab. 2.1: Suitability of CO2-adsorbing materials for the functionalisation of the FBAR for air quality sensing
based on literature research. The colours indicate the fullment of the requirements for air quality CO2 sensing
(green=fullled, orange=not ideal, red=unsuitable).
material sensit. select. kinetics revers. stabil. op.
temp.
process.
zeolites >1% H2O <10min yes yes r.t. yes
activated
carbons
>10% H2O <10min yes yes r.t. no
CNTs >0.2% H2O <10min yes yes r.t. not ideal
function-
alised CNTs
>500 ppm H2O <10min yes yes r.t. not ideal
MOFs ? H2O <10min yes no r.t. not ideal
ZIFs <50 ppm H2O <10min yes yes r.t. not ideal
metal ox-
ides
>50 ppm good <30min not ideal not ideal ≈500 ◦C yes
hydrotal-
cites
? good <10min yes yes ≈200 ◦C no
metal car-
bonates
? good <10min yes yes ≈200 ◦C no
supported
amines
>50 ppm H2O <10min yes not ideal r.t. not ideal
aminopoly-
siloxanes
>50 ppm good <10min yes not ideal r.t. yes
ear signal between 50 ppm and 1000 ppm CO2 and a saturation above that value. Due to the
use of hydrophobic alkyl groups in the polymer, they minimised the humidity impact on the
sensor signal. Stable sensing results could be maintained for nine months. Later, they used
a mixture of 3-aminopropyltrimethoxysilane and propyltrimethoxysilane and could even in-
crease the linear signal up to 5000 ppm, meausred at 70 ◦C. Response times were below 1min
and no cross-sensitivities towards small concentrations of NO2 (1 ppm), SO2 (2 ppm) and CH4
(500 ppm) were observed [40]. Stegmeier et al. [185] also examined aminopolysiloxanes and
optimised the ratio of hydrophobic silanes and functional silanes to 30:70. It is often reported
that the adsorption of CO2 also causes swelling and changes in the viscosity of polysiloxanes
due to ammonium carbamate cross-linking [8, 166, 183]. This could increase the sensor re-
sponse of an acoustic resonator. The downside of amines is their poor stability, which most
amines have in common. So far, stable sensitivites above 9 months have rarely been reported.
All in all, functionalised CNTs, ZIFs and aminopolysiloxanes are the most promising sensor
materials for room temperature, air quality CO2 sensing. In this work, we will focus only on
aminopolysiloxanes as they are easily available, synthesised and deposited as thin layers and





Fig. 3.1 a shows the cross section and Fig. 3.1 b the top view of the design of passive FBARs,
i.e. FBAR devices without active read-out electronics, that were used in this work. For the
preparation of the chips, a silicon wafer with 500 nm thermal oxide was used as a substrate.
First, the acoustic mirror was deposited using standard semiconductor processes. The acoustic
mirror consisted of two periods of W and SiO2 layers with each layer being one quarter of the
resonance wavelength thick. The acoustic impedances of W and SiO2 vary slightly, depending
on the sputter process but are roughly in the range of 5.5 kg s−1m−2 and 0.8 kg s−1m−2,
respectively [190]. Thus, a large impedance mismatch is given. As bottom electrode, also
W of λ/4 was used. After patterning of the acoustic mirror and the bottom electrode, ZnO
was deposited using a special sputtering process including a thin Al2O3 seed layer and a
lamella grid enabling ZnO to be deposited with c-axis inclination for the operation of the
FBAR in shear mode [191]. Subsequently, ZnO was patterned by dry etching and covered by
an insulation layer consisting of Si3N4 and SiO2. The thickness of this insulation layer was
adjusted to yield the desired shear resonance frequency of 800MHz. Finally, a top electrode
of 100 nm  300 nm Al was deposited on top of the insulating lm and patterned as well.
The area of the top electrode determines the active area of the FBAR and was chosen to
be 200µm× 200µm . In Fig. 3.1 b it can be seen that the contact pads for the bottom and
top electrode are located in a distance of ≈ 800µm from the active area of the FBAR. This
design was chosen in order to have room for the sealing of a gas ow cell with the FBARs
being inside the cell and the contacts being outside. For better contacts, the contact pads
were strengthened with Au. On each chip, 14 passive FBARs were implemented.
The resonance frequency of passive FBARs was derived from one port measurements of the
complex reection coecient S11 versus frequency taken with an Agilent 8720ES Network
Analyser. With the passive design, only one FBAR can be measured at a time but the full
impedance characteristics (magnitude and phase) are accessible. Passive FBARs were used
for most experiments as they can be fabricated cheaper and quicker than active FBARs and
give detailed information about the resonator impedance.
Fig. 3.1: (a) Cross section of one passive FBAR and (b) top view of a chip with 6 passive FBARs in a row.
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3.1.2 Active FBARs
The read-out of passive FBARs with a Network Analyser requires costly tools and makes it
dicult to access many sensors simultaneously. Therefore, a smaller and cheaper read-out
circuit was developed for the FBAR at VTT technical research centre of Finland [31] that
allows the simultaneous measurement of 64 FBARs via impedance analysis.
The core part of the impedance detection method is a voltage-controlled-oscillator (VCO). The
VCO sweeps over a large frequency band and the corresponding FBAR impedance is acquired.
This yields a so-called transfer function as can be seen in Fig. 3.2. The resonance frequency
can be determined as the VCO frequency for the control voltage at which the transfer function
jumps onto a plateau. An empirical algorithm was developed to detect the operation point
of the resonance frequency of each FBAR. The control voltage of this operation point is then
kept xed during the measurement while changes in the VCO frequency reect changes in
the parallel resonance frequency of the FBAR. With this method, only relative resonance
frequency shifts can be obtained and no detailed impedance characteristics. However, the
resonance shift of 64 FBAR can be analysed simultaneously.
The read-out circuit of the active FBAR array is fabricated with Complementary Metal-Oxide-
Semiconductor (CMOS) technology, which makes the whole sensor very small and compact.
The dimension of the nished FBAR chip can be seen in Fig. 3.3 b (top view). The left image
(Fig. 3.3 b) shows a simplied cross section of a CMOS integrated active FBAR. The FBARs
are back-end processed in arrays of 4× 16 pixels on active 0.35µm CMOS wafers. Under each
FBAR pixel there is a dedicated read-out circuit. The nished chips are glued onto a printed
circuit board, get wire bonded and sealed. Compared to passive FBARs, the noise of the
sensor signal is smaller, which leads to a better signal-to-noise ratio. A detailed report on the
working principle of active FBAR arrays can be found in additional reports [31, 192].
Fig. 3.2: Transfer function of a typical active FBAR as obtained from the active CMOS read-out.
Fig. 3.3: (a) Simplied cross section of one active FBAR with integrated CMOS read-out circuit and (b) top
view of a sensor array of 4× 16 integrated FBARs.
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3.2 Gas measurement setup
3.2.1 Passive FBARs
Target gas concentrations were mixed using mass ow controllers (MFC) with an accuracy
of about 3%  4% (see appendix Fig. 7.3). The synthetic base gas mixture, which simulates
standard air, consisted of 20% O2, 400 ppm CO2 and 40% relative humidity (RH) in a N2
stream. The low CO2 concentration was achieved by letting a gas stream of 10% CO2 in N2
ow through a regulated mass ow controller with a maximum capacity of 100 sccm. The
relative humidity was adjusted by bubbling a certain percentage of the dry N2 through water
through which it saturates with 100% humidity. The total gas ow rate in all experiments was
1 lmin−1. Gas concentrations were adjusted using a LabVIEW control software. The mixed
gas stream was then led through a gas ow cell designed to cover the passive FBARs but
leave out the contacts. The FBARs were placed on top of a temperature chuck to control the
sensor temperature (standard 25 ◦C). The electric impedance of the passive FBARs was then
read out using an Agilent 8720ES Network Analyser from Hewlett Packard and a LabVIEW
programme.
Before each measurement, gas of a specic concentration was streamed over the FBARs for
30min in order to create an equilibrium in the sensitive layer. The gas always consisted of the
base gas sometimes with increased CO2 or RH values. Resonance frequencies were determined
by averaging data points over a period of 2min (≈ 50 data points). The standard deviation of
the data points arises from the noise of the passive FBAR setup and the read-out electronics.
It is higher for thicker sensitive layers due to increased damping of the acoustic wave.
3.2.2 Active FBARs
The gas mixture setup described in the previous section was also used for active FBARs. As
the integrated read-out decreases the measurement noise, active chips were used to detect
cross-sensitivies to other gases with a high resolution. The test gases, which were ethanol
(2000 ppm gas bottle, 100 sccm), carbon monoxide (CO, 4000 ppm gas bottle, 50 sccm), NO2
(50 ppm gas bottle, 10 sccm) and formaldehyde (10 ppm gas bottle, 10 sccm), were added to
the gas setup. Similarly to passive FBARs, a gas ow cell was applied around the sensors and
the chip was kept at a constant temperature of 25 ◦C through a temperature chuck.
At the beginning of each measurement, the operation point to detect the resonance frequency
(VCO) of each FBAR pixel was set automatically. The experimental setup for gas measure-
ments of both, passive and active FBARs is shown in Fig. 3.4.
Fig. 3.4: Schematic experimental setup for gas measurements for active (top) and passive (bottom) FBARs.
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3.3 Development of the sensitive layer
3.3.1 Material choice
Humidity sensitive materials
As humidity cross-sensitivity is always a problem in CO2 sensors, the integration of a hu-
midity sensor in the FBAR array may be advantageous. Moreover, inexpensive and accurate
humidity sensors are also in high demand [193]. Therefore, some humidity sensitive mate-
rials were tested for the functionalisation of the FBAR. The amount of humidity sensitive
materials is vast [194, 195]. In this work, we used ethyl cellulose and a photosensitive poly-
imide (Durimide R© 7505). Ethyl cellulose is a glassy chain polymer of glucose units in which
most hydroxyl groups are replaced by ethyl ether groups. The glass transition temperature
is around 140 ◦C [196] and the polymer chains leave gaps large enough for water molecules to
penetrate the material. The adsorption of water usually leads to swelling of the material and
thus to plasticization (softening) [196, 197]. Ethyl cellulose is chemically and mechanically
stable, biocompatible and can be solved in, for example, n-Butanol [196]. Cross-sensitivities
might be observed to high concentrations of acids and oxidation might occur in the presence
of ultraviolet light or elevated temperatures [196].
Polyimides are interesting materials as they have a tertiary amine group, which could be
sensitive to CO2. They have been reported as functional material in CMOS-based humidity
sensors [198]. Polyimides oer good thermal and chemcial stability, biocompatability, simple
preparation methods and hydrolytic stability [199]. Durimide R© 7505 is an easily available
polyimide used for thin photoresist layers with good adhesion properties. Its glass transition
temperature is above 280 ◦C and it adsorbs moisture [200].
Fig. 3.5 shows the sensor response (shift of fp) of one passive FBAR coated with about 100 nm
Durimide R© 7505 and another FBAR coated with 115 nm ethyl cellulose. It can be seen that
both materials are sensitive to humidity and create about the same frequency shift for a
given humidity change. Both materials were insensitive to an increase in the CO2 concen-
tration from 400 ppm to 5000 ppm. However, as ethyl cellulose showed better results in the
homogeneity of thin layers, it was chosen as the main humidity sensitive material.
Fig. 3.5: FBAR sensor response to changing RH for the functionalisation with Durimide 7505 and ethyl cellu-
lose of a similar thickness. The FBAR that was coated with ethyl cellulose was measured with a higher rate
(10 pointsmin−1) than the one coated with Durimide 7505 (4 pointsmin−1).
CO2-sensitive materials
Although aminopolysiloxanes are the most promising materials for the selective detection of
CO2 with the FBAR, stability problems have been reported. Therefore, some alternative
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maybe no hardly yes
Fe(III) H2O maybe no yes no
chitosan acetic acid, H2O yes hardly yes ?
cysteamine & EC n-butanol yes yes yes no
basic phenol red
& EC
n-butanol yes hardly yes no
aminopolysiloxane methanol yes yes yes yes
materials were also tested for their CO2 sensitivity. The results are presented in Tab. 3.1 and
Fig. 3.6. Polyaniline (emeraldine base) (PANI) was chosen as it is a common and stable poly-
mer, which exhibits secondary and tertiary amines that could react with CO2. Deposited on
the FBAR, however, no sensitivity to CO2 could be detected. Iron(III)phthalocyanine, 4, 4',
4 4 '-tetrasulfonic acid (Fe(III)) has a similar structure as the heme-molecule in haemoglobin,
which transports CO2 in blood. Therefore, it was also tested as CO2-sensitive material for
Fig. 3.6: FBAR sensor response to changing relative humidities (RH) and changing CO2 concentrations for
dierent functionalisation materials.
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Fig. 3.7: Chemical structures of 3-aminopropyltrimethoxysilane (APTMS), propyltrimethoxysilane (PTMS)
and 3-aminopropyldiethoxymethylsilane (APDEMS), which were used in this work for the preparation of
CO2-sensitive materials.
FBARs. Deposition of this substance as thin, uniform lm was dicult as the rigid lm broke
upon water adsorption. Fe(III) showed high sensitivity to humidity changes but no sensitiv-
ity to CO2. As ethyl cellulose (EC) worked well as humidity-sensitive material and was easy
to deposit, a similar molecule with amine groups (chitosan) was tested as a candidate for
simultaneous sensing of humidity and CO2. Chitosan is made of units of 2-amino-2-desoxi-D-
glycopyranose and 2-acetamide-2-desoxi-D-glycopyranose [201, 202]. The yielded sensitivites
for chitosan were high for humidity but very low for CO2. Thus, it cannot be used as a
highly sensitive CO2 adsorber. Instead of choosing a polymer with amine groups, low-weight
amines can also be mixed into a stable matrix. This approach was tried for cysteamine - an
organic compound with a primary amine and a thiol functional group - and ethyl cellulose as
matrix. Both compounds were mixed (1:1 weight ratio) and deposited onto an FBAR. The
obtained sensor was sensitive to humidity and CO2 changes, however, the sensitivity to CO2
was lost after only two weeks, most likely due to the evaporation of the cysteamine. A similar
experiment was based on mixing the indicator phenol red in a basic environment (addition
of tetraoctylammoniumhydroxide) with ethyl cellulose. The adsorption of water might then
change the sensor mass as well as the optical spectrum of the sensitive layer. In reality, how-
ever, no mass adsorption could be measured for increasing CO2 concentrations.
Fig. 3.6 shows that, compared to all tested materials, aminopolysiloxanes (bottom right graph)
show outstanding CO2 sensitivity. Moreover, they form homogeneous and mechanically stable
layers. For their synthesis, 3-aminopropyltrimethoxysilane (APTMS) is the most commonly
used aminosilane. It is often combined with the non-functional, but hydrophobic, propyl-
trimethoxysilane (PTMS). The addition of about 30% of PTMS has shown to improve the
stability of APTMS and reduce the eect of water adsorption [40]. Apart from APTMS
and PTMS, which form 3-dimensionally connected siloxane networks due to the trimethoxy
groups, Stegmeier et al. [185] also examined 3-aminopropyldiethoxymethylsilane (APDEMS)
for CO2 detection, which leads to linearly connected polymers (2-dimensional connections).
Tab. 3.2: Combinations of silanes that were used in this work for the synthesis of CO2-sensitive aminopolysilox-
anes. The numbers are given as weight ratios of the pure, liquid monomers.
polymer name APTMS PTMS APDES
P1 100 0 0
P1a 70 30 0
P2 0 100 0
P2a 0 70 30
P3 0 0 100
P3a 0 30 70
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The linear structure results in polymers with high amine densitiy and high viscosity, which
were found to exhibit high CO2 sensitivities. In this work we, therefore, chose those three
compounds (Fig. 3.7) as precursors for the aminopolysiloxane synthesis. Tab.3.2 shows the
monomer compositions from which sensitive aminopolysiloxanes were prepared.
3.3.2 Material preparation
Humidity sensitive materials
For the preparation of an ethyl cellulose solution of 1%, 0.1 g ethyl cellulose were dissolved
in 9.9 g n-butanol by stirring for one hour at 80 ◦C. Solutions of 2%, 2.5% and 3% were
prepared in the same way.
Durimide R© 7505 was dilluted with n-methyl-2-pyrrolidon (NMP) until lms below 500 nm
thickness could be deposited. The resulting solution contained 25 vol.% Durimide R© 7505.
CO2-sensitive materials
For the preparation of the polyaniline solution, 1wt.% of PANI was dissolved in NMP and
sonicated for 1 h. To remove non-dissolved particles, the solution was then ltered through
0.45µm large pores.
Fe(III) was stirred for one hour at room temperature in H2O with a ratio that would yield a
solution of 5wt.% Fe(III).
A chitosan solution was prepared by dissolving 0.2 g chitosan in a mixture of 10ml deionised
H2O and 10ml acetic acid. The solution was then stirred for 18 h.
For the preparation of cysteamine in ethyl cellulose, cysteamine was added to a 1% ethyl
cellulose solution with a ratio that would yield a mass relation of 1:1 cysteamine to ethyl
cellulose. The solution was then sonicated for 1 h which resulted in a cloudy suspension.
To yield a phenol indicator in an ethyl cellulose matrix, 1 g of a 2% ethyl cellulose solution (in
butanol) were mixed with 0.11 g of an indicator solution. The indicator solution contained 6%
Fig. 3.8: Expected chemical structures of synthesised aminopolysiloxanes based on the monomer mixtured
from Tab. 3.2.
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phenol red and 20% tetraoctylammoniumhydroxide (TOA) solved in 1-butanol. The amount
of TOA was adjusted to just yield a basic environment.
Aminopolysiloxane solutions were prepared by standard polymerisation methods. At rst,
the monomers APTMS, PTMS and APDEMS (see Fig. 3.7) were mixed in the desired weight
ratios as shown in Tab.3.2. Then, 2.5ml of the gained silane-precursors were mixed with
7.5ml of methanol and as much deionised water was added as necessary to hydrolyse half of
the Si-O bonds. The solutions were then stirred for 3h at 80 ◦C in a reux condenser in order
to complete the hydrolysis reaction and also start the condensation reaction to oligomers and
small-chained polymers. Subsequently, the cooled-down solution was ltered (0.45µm) and
stored at 8 ◦C. Neglecting the material loss through ltration, the gained solutions contained
roughly 25 vol.% of aminopolysiloxanes and could further be dilluted with methanol if nec-
essary. It was conrmed via FTIR measurements of the solutions that the desired ratios of
monomers were synthesised successfully. The purchase specications of all used chemicals can
be found in the appendix in Tab. 7.1. Fig. 3.8 shows the expected structures of the resulting
aminopolysiloxanes based on the dierent monomer mixtures.
3.3.3 Deposition methods
Spin coating
For the deposition of uniform, sensitive lms on passive FBARs, dierent deposition methods
were tested. Amongst all tested processes, spin-coating was found to result in the best lm
homogeneities and was also the process that could best be controlled regarding the resulting
lm thickness. Prior to all deposition processes, the substrates were treated with an O2-
plasma (10min at 100W) to clean the surface from organic impurities and create a hydrophilic
surface. Contact angle measurements demonstrated that the hydrophilic surface after O2-
plasma treatment improved the wettability of the substrates with hydrophilic solvents, such
as water or methanol (see appendix Fig. 7.1). For the spin-coating process, 75µl of a solution
were smoothly dripped onto the prepared substrate, which was rotating at a speed of 5000 rpm
(revolutions per minute). This rotation was then kept at this speed for 60 s, in which the
solution could spread uniformly over the whole substrate and the solvent could evaporate. The
thicknesses of resulting aminopolysiloxanes lms in dependence on the rotational speed and
the polymer concentration are graphically presented in Fig. 3.9. Thicknesses were measured
using a KLA-Tencore P-17 prolometer with an approximate maximum deviation of 10%
of the total thickness due to uncertainties in the levelling process. The graphs in Fig. 3.9
show on the example of aminopolysiloxanes that the thickness saturates at the lower end
Fig. 3.9: Inuence of dierent rotational velocities (left graph) and of polymer dillution (right graph) on the
thickness of the resulting lm after spin-coating.
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at high rotational speeds, while the thickness can innitely be decreased by adjusting the
concentration of the solution. It was also found that spin-coating at a speed of 5000 rpm
and above yields the most uniform lms. Therefore, the solution concentration was used to
inuence the lm thickness and spin-coating was always performed at 5000 rpm.
As spin-coating distributes the material over the whole sample, the contacts have to be cleaned
after deposition. For aminopolysiloxanes, we used a thin tissue-covered plastic sheet that was
soaked with isopropyl alcohol to swipe the non-annealed polymer from the contacts. For ethyl
cellulose and other rigid materials, we used a micro sand paper to gently rub the sensitive
layer o the contacts.
Other deposition methods
Apart from spin-coating, the deposition of aminopolysiloxanes via spray-coating and elec-
tronspray ionisation (ESI) was tested. For both methods, however, no satisfactory results
regarding homogeneity of the functional layer could be achieved (see appendix Fig. 7.2).
Active FBARs require a local deposition of dierent materials in dierent thicknesses, which
makes spin-coating inapplicable. Instead, other methods, such as micro-drop or inkjet deposi-
tion can be applied. In our case it was expedient to deposit two dierent aminopolysiloxanes
with a concentration of 0.4% via drop-coating. Drop-coating creates random thickness distir-
butions over the chip, which enables the simultaneous measurement of FBARs with dierently
thick functional layers. The two materials were separated by placing a thin Kapton tape over
the middle of the FBAR array as shown in Fig. 3.10 a. The resulting prole of one row of
FBARs across the chip with drop-coated polymer is presented in Fig. 3.10 b. Although this
way of coating is not fully reproducible, it was sucient for rst statistical analyses of locally
diering functionalisations.
Fig. 3.10: (a) Preparation of an active FBAR sensor chip (64 FBARs) with Kapton tape before drop-deposition
to separate two polymer solutions. (b) Prolometer measurement of one row of FBARs after drop-deposition
and after the Kapton tape was removed.
3.3.4 Annealing
After the material deposition, dierent annealing processes were applied, which are sum-
marised in Tab.3.3. The aim of the annealing step is usually the evaporation of remaining
solvent and, in the case of aminopolysiloxanes, also the complete polymerisation. Some sam-
ples were not annealed (short notation "0") but just left to evaporate the solvent slowly on
air. If not further specied, all samples were stored after preparation at 25 ◦C in a dark room.
The relative humidities inside the furnaces at specic temperatures and in the storage room
were measured with the humidity sensor SHT71 of SENSIRION, the sensor company.
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Tab. 3.3: Applied annealing processes that followed lm deposition. In all cases the samples were put into the












- - 35  45 air - 0 cysteamine, phenol red,
chitosan, aminop.
80 18 ≈ 8 air Heraeus Vötsch
VMT 04/35
80C aminop., Fe(III)
100 18 ≈ 6 air Heraeus Vötsch
VMT 04/35
100C EC, PANI
120 18 ≈ 5 air Heraeus Vötsch
VMT 04/35
120C aminop.
80 18 ≈ 80 air WEISSWK1
(340)
80% aminop.
80 18 ≈ 0 N2 Heraeus Vötsch
VT 4002
N2 aminop.
An overview of all dierent aminopolysiloxane samples, which were prepared for this thesis,
is presented in Tab. 3.4. The thickness, age and substrate of each sample, however, varied
depending on its purpose.
Tab. 3.4: Sample list of aminopolysiloxanes with respective annealing treatment used in this work.
0 80C N2 80% 120C
P1 X X X
P1a X X X X X
P2
P2a X X X
P3 X X X
P3a X X X X X
3.4 Analytical techniques
3.4.1 Fourier-transform infrared spectroscopy
Diuse reectance infrared Fourier-transform (DRIFT) spectroscopy was carried out on 200 nm
thick aminopolysiloxane layers deposited on a silicon wafer with a sputtered and oxidised Alu-
minium (Al)-surface for better reection. The measurements were performed using a Bruker
Vertex 80v spectrometer including KBr windows and a mercury cadmium telluride (MCT)
detector. Spectra were taken at ambient temperature and about 4 hPa with a resolution
of 1 cm−1. Averaging was done over 32 scans and the range of detection was 4500 cm−1 to
600 cm−1. The background spectrum of uncoated Al was always subtracted.
For in-situ CO2 adsorption experiments, the sample chamber was ooded with dry N2 for two
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hours in order to desorb most of the adsorbed CO2 and other gases. Subsequently, 400 ppm
CO2 were added to the gas stream and spectra were taken in regular intervals.
For the measurement of liquid solutions, a BRUKER Matrix-MF IN350-T spectrometer with
attenuated total reection principle was used. The spectrometer was equipped with an LN-
MCT detector and spectra were taken in the range of 3500 cm−1 to 850 cm−1 with a resolution
of 1 cm−1 after the accumulation of 32 scans. The background spectrum of pure methanol
was subtracted from each measurement.
3.4.2 Raman spectroscopy
For Raman spectroscopy, thick polymer layers (1µm  3µm) were deposited on highly re-
ective Al substrates with a natural oxide. The spectra were recorded by a confocal Raman
microscope (alpha300 R; WITec GmbH, Ulm, Germany). The system was equipped with a
SHG Nd:YAG laser (532 nm, 28mW) and a lens-based spectrometer. Elastically scattered
photons were rejected by a sharp edge lter. A 100× microscope objective with a working
distance of 0.26mm and a numerical aperture of 0.90 was used for all measurements. The
spectral resolution of the setup was 1.17 cm−1 per CCD-pixel for a 1800 mm−1 grating. The
integration time at each image pixel was 0.5 s and 10 spectra were accumulated for the nal
result. For the presentation of the graphs, spectra were normalised and smoothed using fast
Fourier transformation lter with 3 points of window.
3.4.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was carried out with an EscaLAB 250Xi spectrom-
eter from Thermo scientic on the same samples as used for FTIR measurements. The
spectrometer was equipped with an α-Al Mono Anode XR6 as X-ray source, which produced
a 500µm large measurement spot and a resolution of 1 eV. For measurements, the sample
chamber was pumped down to 1·10−9mbar. The pass energy for overview spectra was set to
100 eV and for single spectra of elements it was set to 20 eV. For the acquisition of each single
peak spectrum, 15 to 70 scans were taken with charge compensation and 10 to 50ms dwelling
time. For peak tting Shirley background and Gaussian-Lorentzian curves were used.
3.4.4 Nuclear magnetic resonance spectroscopy
For solid-state nuclear magnetic resonance (NMR) spectroscopy, the polymers were deposited
as thick layers on a silicon wafer with oxidised surface, annealed at 80 or 120 ◦C, and then
scratched from the surface, in order to create 400mg of a ne polymer powder. This procedure
was only possible for suciently hard polymers. All NMR spectra were recorded on a Bruker
MSL 300 operating at a static magnetic eld of 7T using 7mm zirconia rotors. The resonance
frequencies were 100.6MHz, 79.5MHz and 40.57MHz for 13C, 29Si and 15N measurements,
respectively. The corresponding contact times, which were found to provide sucient intensity,
were 2ms, 5ms and 1ms. The spectra were acquired at a rotation frequency of 5KHz.
Chemical standards were Q8M8 for 29Si, adamantane for 13C and 15NH154 NO3 for
15N. The
peak shifts refer to tetramethylsilane (0 ppm) for 29Si and 13C, and to liquid nitro methane for
15N. Apart from 29Si NMR spectra, which were recorded as single pulse spectra, all spectra
were recorded using cross polarisation with magic angle spinning (CP/MAS). The repetition
time for CP-measurements were 3 s (80% RAMP).
3.4.5 Acoustic measurements
Passive FBARs were used for the acoustic characterisation of ethyl cellulose and aminopolysilox-
anes. The FBARs were coated with sensitive layers of dierent thicknesses and the resonance
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frequencies were measured before and after coating at a specic gas composition. A matlab
calculation based on the Mason model was then used to determine the best t for the density
ρ and acoustic velocity vac of the sensitive layer. The tting procedure can be described as
follows:
• Input: thickness, Q, ρ and vac of all layers of the uncoated FBAR including the mirror,
electrodes and the piezoelectric material (see appendix Tab. 7.2); k of the piezoelectric
material; fp of x FBARs before and after coating where x is the number of measured
FBARs; thickness of the sensitive layer for each FBAR (all input values were determined
experimentally)
• Mason model: the Mason model rst calculates the acoustic impedance of each single
layer using the input values. Then, based on these results, the electric impedance of the
whole FBAR stack is calculated. The resonance frequencies fp and fs are found by de-
riving the impedance phase and determining the minimum and maximum, respectively.
• Adaption of correct ZnO thicknesses for bare FBARs: In order to simulate the experi-
mentally determined fp's of the uncoated FBARs with the Mason model, the ZnO layer
thickness of each measured FBAR was tted to the measured fp's. The ZnO thick-
nesses can vary for FBARs of one wafer due to local inhomogeneities during the sputter
process.
• Adding the sensitive layer: a top layer with given Q and thickness but unknown ρ and
vac is added to the Mason model.
• Fitting of ρ and vac: ρ and vac of the sensitive layer are varied in the Mason model until
the error of the mean root square for all measured fp's of the coated FBARs becomes
minimum. The range in which ρ and vac are changed is large in the beginning and in
later steps narrowed down for a better resolution.
This approach, using an oscillating wave to determine the acoustic parameters, can yield a
rough estimation of the storage modulus of the sensitive material:
G′ ∼ v2ac ρ (3.1)
where G′ can be seen as the intrinsic dynamic stiness for the propagation of shear waves in
the viscoelastic polymer. The realisation of the applied model required some simplications:
the viscous contributions of the sensitive material were only accounted for by the given Q-
factor in the model. If not stated dierently, the Q-factor of viscoelastic coatings was set to
150. The parameters ρ and vac were assumed to be independent of each other and indepen-
dent of the sensitive layer thickness, as well as homogeneous over the whole layer. Another
simplication of the model is that the thickness of the sensitive layer is assumed to always be
constant, regardless of the ambient conditions (no swelling).
The eects of gas adsorption on the acoustic properties of the sensitive material were de-
termined by tting ρ and vac for dierent ambient gas concentrations. As the experimental
determination of the sensitive layer thicknesses and the resonance frequencies are subject to
measurement errors, a propagation of these errors is expected in the tted acoustic parame-
ters.
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4.1 FBARs functionalised with ethyl cellulose
4.1.1 Acoustic characterisation
Passive FBARs were functionalised with ethyl cellulose (EC). EC was chosen as functional
material as it is a stable, viscoelastic material on which the eect of viscoelastic thin lms on
the FBAR can be characterised and understood. Moreover, EC is predominantely sensitive
towards humidity, which could be usefull on an FBAR array to eliminate humidity cross-
sensitivity.
A typical impedance spectrum of a non-functionalised passive FBAR is given in Fig. 4.1. From
the depiction of Zel in polar coordinates (Fig. 4.1 a) it can be deduced that the behaviour of
the uncoated FBAR deviates from ideal resonator behaviour as was presented in Fig. 2.3. The
impedance magnitude does not reach zero or innity at the resonance frequencies. Moreover,
the impedance phase always stays in the capacitive region and, thus, has no zero-crossing.
The observed deviations are caused by higher losses and lower coupling coecients compared
to the ideal model. For example, the assumed ideal coupling coecient in Fig. 2.3 was 0.3,
whereas the eective coupling coecients of the real passive FBARs are typically in the range
of 0.08  0.1. The low coupling arises mainly from the ZnO crystal texture, as well as from
electromechanical losses due to the stacking of the ZnO with electrodes, insulation, adhesion
layers, etc.
Another way to present the electric impedance is by depicting the real part and the imaginary
part of the electric impedance separately in Cartesian coordinates (see Fig. 4.1 b). For im-
perfect acoustic resonators, there are dierent ways to dene the parallel and serial resonance
frequency. One way is via the polar coordinates, where fs and fp are dened as the maximum
and minimum of the phase derivation, respectively. Another way is by using Cartesian coordi-
nates where fp is dened as the maximum of Re(Zel), while fs is the maximum of Re(1/Zel).
Henceforth, the resonance frequency refers to the maximum of Re(Zel).
Fig. 4.2 shows the resonance frequencies of four passive FBARs before coating (black graphs,
Fig. 4.1: Typical electric impedance of a bare, passive FBAR without functionalisation presented in (a) polar
coordinates and (b) Cartesian coordinates.
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Fig. 4.2: Resonance frequencies of four FBARs before (black graphs) and after (green graphs) they were coated
with ethyl cellulose (EC) of dierent thicknesses. On the right side, microscopic images of the corresponding
passive FBAR chips are presented after the chips were coated with EC and the contacts were laid open again.
f0) and after coating with EC of dierent thicknesses (green graphs, fEC). Based on the
symmetric shape of the resonances after coating and the microscopic images of the coated
FBARs (right side of Fig. 4.2), it can be deduced that the deposited EC layers are acceptably
homogeneous and, thus, the thicknesses could be determined relatively accurately. Following
the resonances of the coated FBARs (fEC), it can be observed that the resonances get increas-
ingly damped and shifted towards lower frequencies with increasing EC layer thickness (dEC).
Above a certain functional layer thickness, however, a resonance peak appears at frequencies
above f0 with lower damping than observed before (see bottom graph in Fig. 4.2 with 410 nm
EC coating).
The resonance shift and damping were measured for a wide range of EC layer thicknesses and
the results are presented in Fig. 4.3. Fig. 4.3 a shows the resonance frequency shift normalised
to the resonance of the uncoated FBARs. It can be observed that for a wide range of thick-
nesses (≈ 240 nm  450 nm) two resonances can be measured simultaneously: the fundamental
resonance and a second resonance larger than the initial fundamental one. Both decrease with
increasing EC layer thickness. At an EC-thickness of about 309 nm, the strength of the second
resonance exceeds that of the fundamental one (see appendix Fig. 7.4). Fig. 4.3 b shows the
normalised change of the full width half maximum (FWHM) for the fundamental resonance
until 309 nm EC and for the second resonance from 309 nm EC. The FWHM represents the
damping of the resonance and was determined by tting the Re(Zel) with a Gauss peak,
which is physically not tangible, but presented acceptable tting results (see Fig. 7.5 in the
appendix). The standard deviations of the Gauss t, the resonance frequency and the EC
thickness were used to determine the error bars in Fig. 4.3.
Comparing these results with the graphs in Fig. 2.6, the curve shapes resemble typical features
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Fig. 4.3: (a) Normalised resonance frequency shifts when FBARs are coated with EC of dierent thicknesses
and (b) the normalised relative increase of the FWHM of the resonance peak, also in dependency of the EC
thickness.
of lm resonance. However, lm resonance does not explain the simultaneous appearance of
two resonances. In order to better understand this observation, simulations based on the Ma-
son model were performed. For these simulations, a functional EC top layer with an acoustic
velocity of 913m s−1 and a density of 1791 kgm−3 was implemented on top of the resonating
structures. The values were obtained by tting vac and ρ of EC based on the measured reso-
nance frequency shifts of the fundamental mode from Fig. 4.3 a as described in chapter 3.4.5.
Fig. 4.4 shows the simulated resonance characteristics of two simple FBAR structures with
growing EC layer thickness. On the left side, graphs 1 a  c refer to a QCM-like structure, i.e.
the electrodes are very thin (1 nm) compared to the piezoelectric layer (1779 nm). The graphs
2 a  c, on the right side, refer to a more realistic FBAR structure, which is based on the pas-
sive FBARs that were used in this work. This structure consists of thick electrodes (100 nm
Al, 890 nm W) and a piezoelectric layer of 844 nm ZnO. Both structures were designed for
a fundamental frequency of 794.5MHz. The graphs 1 a and 2 a show the modelled electric
impedance magnitude for each structure without a functional coating. In both cases, the
fundamental frequency, f0, is found clearly at the desired 794.5MHz. Moreover, the second
overtone at three times the fundamental frequency (or 3λ/2) is visible. In chapter 2.2.1 it
was mentioned that the resonance condition for an acoustic resonator is 2d=λ(2n+1) with
n≥ 0 as multiples of λ can not resonate in a piezoelectric layer due to desconstructive counter-
movements. Therefore, the next possible resonance after λ/2 ist 3λ/2. This behaviour is very
well represented for the QCM-like structure. For the realistic FBAR structure, however, also
the rst overtone is excitable as only a fraction of the wave is in the piezoelectric layer and,
thus, the counter-movements do not negate the acoustic wave.
Graphs 1 b and 2 b show how each resonance changes if the structures are loaded with an
EC layer of increasing thickness. The EC layer thickness was increased 15 times by incre-
ments of 40 nm, which yielded a nal EC layer thickness of 600 nm. Upon EC growth it can
be observed for both structures that the fundamental mode shifts towards lower frequencies
and gets damped due to the assumed low Q-factor of EC (150) and due to the reduction of
the eective coupling coecient of the device. The rst overtone, which is forbidden in the
QCM-like structure, also shifts towards lower frequencies as the EC layer thickness increases.
Thus, the portion of the wave in the piezoelectric layer gets smaller and the resonance slowly
appears out of the forbidden zone. If the thickness is further increased, a point is reached
at which half of the wave (λ/2) is in the QCM-like structure, and the other half in the EC
layer. At this point, if the acoustic impedance of the top electrode is clearly higher than
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Fig. 4.4: Modelled electric impedances of two dierent FBAR structures with EC top layer based on the Mason
model. Graphs on the left side (1) represent the impedances of a QCM-like FBAR structure with very thin
electrodes and the graphs on the right side (2) represent the electric impedances of an FBAR structure as
was used for real measurements. The resonances of (a) the uncoated structures and (b) the resonances with
increasing EC layer thickness are shown. Graphs 1 c and 2 c show the resonance frequencies as a function of
the EC layer thickness. A simple graphical representation of the acoustic waves in the FBAR structures with
increasing EC lm (orange) is given on the bottom of the picture.
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the acoustic impedance of the functional layer, a considerable part of the wave is reected at
this interface and resonates in the lower part of the structure. This eect enhances the rst
overtone resonance around the frequency of the non-coated fundamental mode.
A similar behaviour can be observed for the second overtone in the realistic FBAR structure
once it approaches the frequency of the rst overtone. This already occurs at a lm thickness
of about 300 nm as only one third of the wave needs to be emerged in this layer. Two for-
bidden zones can also be observed in this FBAR-like structure. They do not arise from the
λ resonance, but from having a symmetric displacement in the piezoelectric layer as is shown
in the depicted structures at the bottom of Fig. 4.4.
The graphs in 1 c and 2 c of Fig. 4.4 show the simulated frequency shifts for all resonance modes
upon EC thickness growth. It becomes apparent that the thickness dependent frequency shift
increases towards the forbidden zones. This means that the FBAR is most sensitive to changes
in the functional layer properties if the mode is close to such a zone. However, the stronger
damping would also make measurements in this region dicult.
Although the observed appearance of the rst overtone at high EC layer thicknesses shows
very similar features compared to lm resonance, their explanations are fairly dierent. Film
resonance is induced by phase shifts in the viscoelastic lm and hence constructive interfer-
ence inside the lm at a certain lm thickness. The appearance of an overtone, on the other
hand, is not connected to viscous eects but to the constructive interference of lower modes
inside the FBAR stack at certain thicknesses of a low impedance top load. Even though the
approaches are dierent, both theories treat the acoustic velocity of the lm as a crucial pa-
rameter. For example, the critical lm thickness at which lm resonance occurs is dened in
eq. 2.22 as directly dependent on vac. Using our tted vac of EC and f0 of the passive FBARs









= 296 nm (4.1)
This result reects the experimentally determined EC thickness at which the FWHM of the
rst overtone becomes smaller than of the one of the fundamental mode (Fig. 4.5 b). The
similarities between lm resonance and the appearance of overtones can be explained with
the dependency on vac. In the Mason model, a low acoustic velocity is equivalent to a low
acoustic impedance and thus a high acoustic thickness. Therefore, functional layers with a
low vac show an enhancement of the rst overtone already at thin lm thicknesses. In the
theory of lm resonance, on the other hand, elastic contributions (G′) are directly dependent
Fig. 4.5: Measured and modelled (a) resonance frequencies and (b) FWHM of the fundamental mode (f0) and
rst overtone (f1) of passive FBARs with increasing EC thickness.
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on vac. Consequently, a low vac represents a low G′, which increases the inuence of viscous
contribution (G′′). When viscous eects become dominating, they are already visible in
thinner lms. However, only the here presented overtone model explains the simultaneous
existence of two resonances as was measured with the FBAR. Moreover, a good correlation
between the measured and simulated data could be gained with this model as can be seen in
Fig. 4.5.
According to the Mason model, the viscosity of the functional layer, which is accounted for
through the Q-factor, does not directly inuence the resonance frequency shift. However, it
does aect the damping of the resonance. In Fig. 4.4, a Q of 150 was assumed, which was
useful for a clear depiction of the resonance modes, but the results do not quite represent the
FWHM of the experimental data. A better t to the experimental data was obtained for a Q
of 30 as is shown in Fig. 4.5 b. This low Q is a good indicator for the viscoelastic properties
of EC.
For the previous simulations, the tted parameters ρ and vac of EC were obtained from the
full data set of the experimentally determined frequency shifts of the fundamental mode. The
obtained values yielded a very good agreement with the measurement data. In order to get
an understanding of the possible uncertainties of the tted acoustic parameters for future ts,
dierent extracts of the EC data set were used for the determination of ρ and vac. Fig. 4.6
shows the chosen data sets. In the top row, all data below 500 nm were included in the t
and then thinned out to 1/2 and 1/4 of the initial data set by keeping only every second
and every fourth thickness, respectively. The purpose of this was to see if less data points
might be sucient for a reliable result. The bottom row of Fig. 4.6 shows the data sets for
an EC thickness of less than 300 nm, 200 nm and 100 nm, respectively. This leads to the
elimination of data points with higher measurement errors. The individually tted values
for ρ and vac are included in each graph. It becomes apparent that a lower density of data
points does not eect the results as much as the threshold thickness up to which resonances
are measured. In fact, the highest discrepancies are obtained for the data set that only uses
data from EC thicknesses below 100 nm. In this case, a high acoustic velocity is tted as the
data that characterise the curve bending were not included. From the gained results it can be
Fig. 4.6: Normalised resonance frequency shifts of the fundamental mode upon EC coating with dierent
choices of data points and the resulting tted acoustic parameters ρ and vac.
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concluded that the most important factor for a correct tting of the acoustic parameters is
a broad distribution of dierent thicknesses of the functional layer. Hence, the fundamental
mode should be measured up to the highest possible functional layer thickness.
The tted density of the deposited EC (1791 kgm−3) is higher than its density reported in
literature (1100 kgm−3 [203]). This dierence could be related to thin-lm eects or to the
use of a dierent solvent. The calculated acoustic velocity of EC is low and results in a G′ of
about 1.5GPa (eq. 3.1). This range is typical for viscoelastic materials and is reasonable for
EC.
4.1.2 Humidity sensing
Ethyl cellulose is a humidity sensitive material that allows water molecules to accumulate
in the free spaces of the polymer structure. It was reported that the accumulation of water
in EC leads to polymer swelling [204] and plasticization [197]. Plasticization is a process in
which the attraction between polymer chains is decreased, which decreases the elasticity and
thus also vac. As a result, the polymer becomes softer.
The FBAR is sensitive to both mass changes and changes in the acoustic velocity of the
functional layer. Both parameters would change upon the adsorption of water molecules.
The mass would increase and vac decrease due to plasticization. For both changes, a shift
in the resonance frequency is expected, which is described by eq. 2.19. For suciently small
thicknesses of the functional lm, the tan-term can be neglected, which leaves the frequency
shift solely dependent on the mass change according to the Sauerbrey equation. As the
depenency is inversely proportional, the resonance frequency shifts to smaller values if the
mass increases (∆m ↑−→ ∆f ↓). Assuming a constant functional layer thickness, the mass
increase is reected by the corresponding density increase. For larger polymer thicknesses,
the frequency shift will increasingly be dominated by the acoustic velocity in the tangent term
of eq. 2.19. If vac decreases, the tangent argument becomes larger, which shifts the pole of
the tan to smaller thicknesses. This induces a negative frequency shift in the fundamental
mode. Similarly, an increasing vac leads to a positive frequency shift (∆vac ↑−→ ∆f ↑). The
absolute value of the vac-induced frequency shift will become more pronounced at thicknesses
close to the pole of the tangent.
Eq. 2.19 is an approximate formula used to describe the inuence of a viscoelastic top layer
on the frequency characteristics of a resonator. Another way to describe such gas-induced
changes is via the Mason model. It can be used to predict the frequency shift upon certain
Fig. 4.7: Resonance frequency shift of an FBAR upon gas adsorption if the gas adsorption is assumed to
increase ρ and vac of a functional layer by a certain percentage. The calculations are based on the Mason
model.
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changes of ρ and vac. Fig. 4.7 shows the modelled FBAR responses for dierent theoretical
increases of ρ and vac at dierent functional layer thicknesses. If only the density is increased
due to gas adsorption (blue line), a linear negative frequency shift can be observed up to
a functional layer thickness of about 270 nm. At higher thicknesses, the magnitude of the
negative frequency shift starts to decrease again as the coupling between the resonator and
the sensitive layer becomes weaker. If only the acoustic velocity of the sensitive material
increases (red line), we nd a positive frequency shift above 100 nm that strongly increases
with thickness. This behaviour is equivalent to the tangent term in eq. 2.19 becoming more
pronounced. The positive resonance frequency shift also gets damped around 350 nm due
to decreasing coupling between functional layer and resonator. If both parameters change
simultaneously (yellow line), the density increase dominates at small thicknesses (negative
shift) and the vac increase dominates at higher thicknesses (positive shift). As the yielded
resonance frequency shift curves from the Mason model present a measure for the sensor
response upon a dened gas concentration change, they will henceforth be referred to as
sensitivity curves.
The real resonance frequency shift of EC-coated FBARs upon the increase of humidity was
measured for dierent EC thicknesses. Fig. 4.8 shows exemplary the resonance frequency of
the fundamental mode of two FBARs, one coated with a thin layer of EC (115 nm, top graph),
and another one coated with a thicker layer of EC (235 nm, bottom graph). For the thin EC
layer, a negative frequency shift is observed for increasing humidity, which can be explained
with the mass increase upon water adsorption. The thicker EC layer, however, shows a positive
frequency shift upon humidity increase. This can only be explained with an increase in the
acoustic velocity upon the adsorption of water. This observation contradicts the assumption
that humidity induces plasticization as this would lead to a smaller vac. Dierent reasons
could be responsible for this discrepancy: One is the higher density of our EC compared to
literature values. A dense polymer network could become stier if additional molecules are
adsorbed and the polymer chains are stretched out. Instead of decreasing forces between
the chains, increasing tension could then lead to the opposite outcome. Another potential
reason could be thin lm eects, which are often dierent compared to regular bulk behaviour.
It is also likely that the high frequency at which the FBAR operates changes the polymer
behaviour. For a more profound explanation, additional analysis are necessary, which are not
considered in this work. The detailed impedance characteristics of the FBARs from Fig. 4.8
at dierent RH levels are depicted in the appendix (Fig. 7.6).
Plotting the relative resonance frequency shift with humidity increase for many dierent EC
Fig. 4.8: Resonance frequency shift of two FBARs with EC-functionalisation of dierent thicknesses upon
changing relative humidity.
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Tab. 4.1: Fitted ρ and vac of EC for the data sets < 500 nm and <300 nm at dierent humidity levels including
the percental changes compared to the previous RH.
<500 nm <300 nm
RH ρ (kgm−3) vac (m s−1) ρ (kgm−3) vac (m s−1)
40% 1791 913 2076 1013
60% 1787 (↓0.22%) 918 (↑0.55%) 2090 (↑0.62%) 1027 (↑1.38%)
80% 1798 (↑0.73%) 922 (↑0.44%) 2105 (↑0.72%) 1035 (↑0.78%)
Fig. 4.9: FBAR resonance frequency shifts with dierent thicknesses of EC upon the adsorption of dier-
ent concentrations of water molecules. Measurement data points are represented in blue and the modelled
sensitivity cuves with the tted ρ and vac in black.
thicknesses, the blue data points in Fig. 4.9 are obtained. The graphs show, from left to right,
the frequency shift after the RH level got enhanced from 40% to 60%, from 60% to 80% and
from 40% to 80%. For small EC thicknesses (< 200 nm), a negative resonance frequency shift
was observed and for thicker layers a positive shift indicating both, increasing ρ and vac with
humidity increase. As vac becomes more and more inuential with increasing EC thickness,
the highest sensitivity is reached for thick EC layers. At these thicknesses, however, also the
damping of the fundamental resonance reaches a maximum, which leads to high measurement
errors. The acoustic parameters ρ and vac of EC were tted for the three humidity levels
(40%, 60%, 80%) using the full data set of all FBARs (max. 500 nm EC, 47 FBARs) and
then again using only the FBARs with EC layers thinner than 300 nm (28 FBARs). The
results are presented in Tab. 4.1 and Fig. 4.9 shows the resulting simulated sensitivity curves
for both data sets (< 500 nm - dashed line, < 300 nm - solid line). One can see that the
simulated sensitivity curve of data set < 500 nm leads to a much better t in the range of
high EC layer thicknesses than the smaller data set and we know that a larger range of data
points leads to more reliable values for ρ and vac. The values of ρ in Tab. 4.1 for < 500 nm,
however, show a decreasing EC density from 40% to 60%, which is a contradiction to the
experimentally observed behaviour of a negative resonance frequency shift at low EC layer
thicknesses. In the t of the smaller data set (< 300 nm) this behaviour for thin lms is much
better represented as it shows the expected density increase (↑0.62%) when RH is increased.
All in all, it seems that no perfect t can be obtained with our model. This may have
various reasons. For one, there is a considerable measurement error involved. The data points
at large EC thicknesses are widely scattered with large error bars. Even though the errors
become less signicant when relative changes are observed, small inaccuracies in the tted
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Fig. 4.10: Resonance frequency shift of an EC-coated FBAR with changing relative humidity for a 3-day-old
coating (black) and an aged coating (orange) of 1.5 years.
acoustic parameters are still expected. Another reason for the shortcomings of the model is
that parameters, such as Q, ρ and vac are assumed to be constant for all EC layer thicknesses.
It is quite possible that in the real functional material these parameters change, which would
lead to deviations of the measurement points from an ideal sensitivity curve. Also the EC
thickness is assumed to stay constant for dierent humidity levels. Most polymers, however,
swell with increasing humidity, which would alter the calculated values of ρ and vac.
4.1.3 Stability
The lifetime of a sensor is a crucial characteristic for their protability. Therefore, it is
important to analyse the stability of the functional material. For this, the measurements on
the EC-coated FBARs got repeated after the material had aged for 1.5 years in a dark room
at around 25 ◦C and between 35% and 45% RH. Fig. 4.10 shows that the resonance frequency
of an aged FBAR with EC coating is smaller than in the rst days after the coating. This
means that either the mass of the sensitive layer increased, the thickness of the resonator
increased or that the acoustic velocity decreased. Fitting ρ and vac of the aged samples with
the assumption that the thickness of the functional layer stayed constant, yielded a density
increase of 4.3% and an increase of the acoustic velocity of 1.6% over time. Thus, the main
contribution of the frequency decrease seems to come from a density increase, possibly due to
the gradual adsorption of water molecules. However, as the EC layer thickness would probably
also increase with the adsorption of water, the real density increase might be smaller.
In a sensor application, this gradual change of the resonance frequency with ageing would
have to be accounted for through sensor calibration. However, more important is that the
humidity sensitivity has not changed over time, which can be concluded from Fig. 4.10.
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4.2 FBARs with aminopolysiloxanes
4.2.1 Acoustic characterisation
For acoustic characterisation, aminopolysiloxane solutions of dierent monomer compositions
were prepared and spin-coated onto passive FBARs in dierent thicknesses. From the intro-
duced compositions in Tab. 3.2, only P1, P1a, P2a and P3a were examined regarding their
acoustic parameters and their CO2 sensitivity. P2 was not considered as it has no functional
amine groups and P3 could not be considered as the resulting layers were too viscous to stay
in a uniform lm formation. Moreover, the high viscosity of P3 made it impossible to measure
the layer thickness with a prolometer. After lm deposition, the samples were annealed in
order to evaporate residual solvent and enhance polymerisation. The samples of P1 and P1a
showed homogeneous lms unaltered through annealing (see Fig. 4.11). P2a and P3a, on the
other hand, changed their shape during the annealing step, which led to inhomogeneous lms.
Moreover, P2a and P3a lost their CO2 sensitivity in the course of annealing. Therefore, those
two materials were characterised in their non-annealed state. In order to still allow for the
solvent to evaporate, all measurements were performed one week after deposition. This time
period was also enough to establish a gas equilibrium with air in the functional lms. It should
be noted that the determined acoustic parameters of annealed and non-annealed polymers can
not directly be compared as the polymer structure and, thus, the acoustic properties change
through annealing. Therefore, P1 can only be compared to P1a and P2a to P3a.
Fig. 4.12 shows the experimentally determined relative resonance frequency shift of the fun-
damental mode and the rst overtone upon coating of a bare FBAR with aminopolysiloxanes
of dierent thicknesses. The graphs also show the individually tted acoustic parameters,
ρ and vac, and the simulated resonance shifts based on the tted acoustic parameters. In
most cases, the tted acoustic parameters result in a good agreement with the measurement
data. This can be seen by the good t of the calculated curves also with the measured rst
overtone. P3a, however, showed discrepancies in the rst overtone although the fundamental
mode tted very well. This might have been caused by insucient data accumulation of the
fundamental mode at thicker lms due to the strong damping in the material. Changing the
acoustic parameters manually, it was found that a better t for the rst overtone is reached
with ρ=2100 kgm−3 and vac=950m s−1. These values still result in an acceptable t for the
fundamental mode (in the range of measurement errors). It should be noted that the density
only has a small inuence on the resulting curve shape, which leads to a higher uncertainty
for the absolute value of ρ. The manual improvement of the acoustic parameters for P3a show
the value of measuring the rst overtone additionally to the fundamental mode. It presents a
legitimate method to evaluate the accuracy of the tted parameters and it might be benecial
for future works to also include the rst overtone in the tting procedure.
Fig. 4.11: Microscopic images (5× magnied) of 200×200µm large FBARs coated with dierent
aminopolysiloxanes prior to (top row) and after (bottom row) annealing.
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Fig. 4.12: Resonance frequency shift of the fundamental mode and rst overtone with increasing polymer layer
thickness for dierent aminopolysiloxanes. The graphs also show the tted ρ and vac of each aminopolysiloxane
composition including the corresponding modelled frequency shifts.
Paying attention to the yielded acoustic parameters, it becomes apparent that the dierent
polymer mixtures vary strongly in their properties. P1(80C), for example, exhibits an acous-
tic velocity of 1779m s−1, whereas vac of P2a(0) is only 560m s−1. As vac is proportional to
the materials stiness (eq. 2.10), P1 annealed at 80 ◦C is the stiest polysiloxane and P2a
non-annealed is the softest one. The stiness of a polymer depends on the strength of the
chemical bonds as well as the degree of cross-linking in the polymer. The types of chemical
bonds are the same for the prepared aminopolysiloxane compositions. Therefore, the degree
of siloxane cross-linking should determine their stiness. Conclusively, P3a, which exhibits
70% of 2-dimensional connections, should be the softest polymer, followed by P2a, which
contains 30% of 2-dimensional connections. However, the acoustic parameters yield a higher
stiness for P3a. Similarly, P1 is stier than P1a although both polymers contain the same
degree of siloxane cross-linking. These results indicate that the polymer stiness does not
only depend on the degree of siloxane cross-linking, but also on the amount of amine groups.
Both, P3a and P1 exhibit a higher amine density than P2a and P1a, respectively.
An explanation for the observed stiness discrepancies can be given when considering a phe-
nomenom reported by Yu et al. [166]. They observed that the viscosity of an aminosiloxane
solution increased considerably by adding CO2. This viscosity increase was explained by
cross-linking of polymer chains through the formation of ammonium carbamate:
R-NH2 + CO2 −→ R-NH+2 CO
−
2 (4.2)
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Ammonium carbamate links two adjacent amine groups through a weak bond. These links
can be broken again by applying heat. As our samples were exposed to air for one week prior
to resonance measurements, it is very probable that CO2 was also adsorbed in the solid layers
of aminopolysiloxanes in form of ammonium carbamate. This would lead to additional links
in the polymer structure leading to an increased stiness. The more amine groups a polymer
exhibits, the more additional links can be formed and the higher the stiness increase due to
carbamate formation would be.
The eect of temperature In order to proof the hypothesis of ammonium carbamate cross-
linking, the acoustic parameters of the chosen polymer compositions were also determined
at 65 ◦C. This temperature is sucient to desorb weakly bound ammonium carbamate. The
results are presented in red in Fig. 4.13. It becomes apparent that P1 and P1a exhibit a
slightly lower acoustic velocity at 65 ◦C than at room temperature. The acoustic properties of
P2a are barely inuenced by the temperature and the strongest change in acoustic parameters
can be detected for P3a, where vac is halfed and the density decreased by 28%. The acoustic
parameters of P3a at 65 ◦C were again tted manually as the automated tting did not
produce reliable results. Due to the very low vac of P3a at 65 ◦C, even the second overtone
could be measured.
The vac at 65 ◦C now only represents the polymer stiness based on the cross-linking in the
siloxane matrix. Therefore, P3a (30% of 3-dimensional connections) is softer than P2a (70%
of 3-dimensional connections). As P3a contains more amine groups than P2a (70% vs. 30%),
Fig. 4.13: Resonance frequency shift of the fundamental mode and rst overtone with increasing polymer layer
thickness for dierent aminopolysiloxanes and at dierent temperatures (25 ◦C and 65 ◦C). The tted ρ and
vac and the corresponding frequency t of the 65
◦C measurements are also included.
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the softening due to CO2 evaporation is also much stronger for P3a compared to P2a. The
low stiness of P2a and P3a at elevated temperatures is responsible for the functional layer
deformation upon annealing, which was observed in Fig. 4.11. P1 and P1a, which were both
annealed previously to the measurements, only show a small decrease of vac upon heating even
though they exhibit at least as many amine groups as P3a. This might be due to the previous
annealing step or the generally higher stiness of P1 and P1a due to the 100% 3-dimensional
connections in the siloxane network. Both, the stier network and the annealing, could have
lead to more strongly bound ammonium carbamate, a smaller amount of adsorbed CO2 in the
material or a smaller inuence of ammonium carbamate cross-links on the general polymer
stiness. Comparing P1 and P1a, it becomes apparent that P1a is softer. This can only
be attributed to the 30% of PTMS in P1a. It supports the theory that more amine groups
lead to stier polymers. Moreover, the stiness of P1a decreases more than that of P1 upon
heating, which might be attributed to the higher stiness of P1 due to more amine groups.
Again it should be kept in mind that thickness changes of the polymers are not considered in
the tting procedure although they would probably change upon heating.
Long mode vs. shear mode The piezoelectric axis of the ZnO in our passive FBARs is
tilted in order to excite shear waves. This tilt, however, can get optimised so both, the shear
mode and the longitudinal mode get excited simultaneously. FBARs with such adjusted ZnO
layers were fabricated. They yielded a shear resonance frequency of around 790MHz and a
longitudinal resonance frequency of about 1590MHz. Measuring the acoustic properties of EC
at dierent frequencies and resonance modes can have advantages. For example, the Q-factor
increases with increasing frequency (eq. 2.7), which leads to smaller damping of the resonance.
On the other hand, a higher frequency also leads to increased measurement noise. Although
the longitudinal mode would lead to a better Q-factor (due to the higher frequency), it is
more eected by energy dissipation due to viscous contributions.
Fig. 4.14 shows the relative resonance frequency shift of the longitudinal and shear mode when
P3a(0) of dierent thicknesses is deposited onto the FBARs. As the data are normalised to
the initial resonance frequencies of the uncoated FBARs, the shear and longitudinal frequency
shifts appear in the same range. In general, a nice agreement of the shear and longitudinal
data points can be found. Also the tted density is in good agreement for both modes. The
tted acoustic velocity of the polymer layer measured at longitudinal mode is about double
Fig. 4.14: Resonance frequency shift of the fundamental mode and rst overtone with increasing polymer layer
thickness for the shear mode and longitudinal mode of the same FBAR.
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the value of the one measured at shear mode. This is related to the equation:
vac = λ · f (4.4)
From the previous chapter we know that the tted acoustic parameters for P3a(0) in shear
mode do not ideally t with the rst overtone. As the obtained results for the longitudinal
mode agree with the ones from the shear mode, it can be deduced that the same tting inac-
curacy ocurred. Nevertheless, measuring the shear and longitudinal resonance simultanesouly
could provide an opportunity to analyse the eects of gas adsorption on the functional layer
for dierent acoustic velocities.
4.2.2 Humidity and CO2 sensing
Aminopolysiloxanes are CO2-sensitive materials due to the interaction of amine groups with
CO2. Typical for most polymers is also a sensitivity to humidity accompanied by polymer
swelling. Therefore, the acoustic reaction of the four chosen aminopolysiloxane mixtures was
tested for CO2 and humidity changes. For this, the resonance frequency of dierently func-
tionalised FBARs was measured at a standard gas concentration of 400 ppm CO2 and 40%
RH (normal frequency - fn), as well as at a concentration of 5000 ppm CO2 and 40% RH
(fCO2) and at 400 ppm CO2 and 60% RH (fH2O). The resulting resonance frequency shifts are
presented in Fig. 4.15. The graphs show all measurement data and the simulated sensitivity
curves based on the calculated percental increases of ρ and vac. For the tting of the acoustic
parameters only data points with reasonable frequency errors (< 0.003) were included. They
are indicated as black data points in the graphs. The grey data points were not included
in the tting procedure as it lead to strong deviations of the sensitivity curve from the data
points at thin polymer thicknesses.
Comparing the sensitivity curves for the single polymer compositions, strong variations can
be observed. In regard of humidity (bottom row of Fig. 4.15), P1 and P3a show a strong
sensitivity, whereas P1a and P2a are rather insensitive. This can be explained by the hy-
drophobicity of the single polymer units. For example, P2a consists to 70% of PTMS, which
is a hydrophobic compound. P1a and P3a only exhibit 30% of PTMS and, therefore, are
more ane to water. P1 does not contain any hydrophobic units and, thus, is very sensitive
to humidity. Comparing P1a and P3a, they both have the same amount of PTMS, however,
dierent amine units. The amine unit in P3a (APDES) is more hydrophilic than the amine
unit in P1a (APTMS), which makes P3a more sensitive to humidity than P1a. The anity to
water for both amine units was proven by contact angle measurements as can be seen in the
appendix, Fig. 7.7. Based on the tting results, the humidity sensitivity of aminopolysiloxanes
is mostly caused by a decrease in the acoustic velocity, which leads to a negative frequency
shift. Similarly to the predictions for EC, this might be due to softening of the structure once
water molecules weaken the elastic forces between polymer chains.
Regarding the CO2 sensitivity, it becomes apparent that all polymers increase their density
and acoustic velocity upon CO2 adsorpion. While the density increase is comparable for
all compositions, the vac increase varies strongly (0.7% for P1(80C) and 11.9% for P3a(0).
This can again be explaind by the siloxane network and ammonium carbamate cross-links. P1,
which already has a rather sti siloxane base at standard gas concentrations (vac=1779m s−1)
is not much inuenced my more CO2 coming into the structure to form ammonium carbamate
cross-links. Thus, the density increase dominates the sensor response and a negative resonance
frequency shift is yielded. Although P1a(80C) has the same amount of 3-dimensional connec-
tions as P1(80C), its stiness increases more with the adsorption of CO2. One reason might be
the lower stiness at standard gas concentrations (vac=1144m s−1), which leaves more room
for stiness increase. Another reason might be the smaller anity to water molecules, which
leaves more room for the adsorption of CO2. The highest stiness increase can be observed
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Fig. 4.15: Sensitivity curves of the polymers P1(80C), P1a(80C), P2a(0) and P3a(0) (1 week old, 25 ◦C) upon
CO2 increase from 400 ppm to 5000 ppm (top row) and a RH increase from 40% to 60% (bottom row). The
simulated sensitivity curves were yielded from tting the acoustic parameters, ρ and vac, using only the black
data points. The percental changes of the acoustic parameters are depicted in each graph.
for P3a(0) as it is a soft and exible polymer with many available amine groups, which can
form ammonium carbamate links upon the adsorption of CO2. P2a(0) has the lowest initial
vac and thus the highest potential for a relative stiness increase, however, it does not have
many amine groups to form ammonium carbamate cross-links. All of the examined polymer
compositions show typical features of dominating mass increase at thin layer thicknesses (neg-
ative frequency shift) and dominating vac increase at thicker lms (positive frequency shift),
which means they have a point of zero CO2 sensitivity at a certain thickness. This point
appears at thinner polymer layer thicknesses the lower their vac is (e.g. 200 nm for P1a(80C),
100 nm for P2a(0)). This is due to the fact that a low acoustic velocity is equivalent to a high
acoustic thickness.
The dierent sensitivities of the polymer compositions to CO2 and humidity, as well as the
dependency of the sensitivity on the thickness of the functional layer, show the high poten-
tial of functionalised FBARs to distinguish between dierent gases. For example, an FBAR
coated with 100 nm P1a would show a negative frequency shift for both, humidity and CO2
increase. An FBAR, coated with 300 nm P1a, would show a positive shift for CO2 increase
and a negative shift for humidity increase. If both FBARs could be measured simultaneously,
it could always be distinguished between a CO2 induced change or a humidity induced change.
The eect of temperature Often, sensors are operated at temperatures higher than room
temperature in order to reach faster response times or to eliminate humidity cross-sensitivites.
The eect of elevated temperature on the CO2 detection was tested for two of the polymer
compositions. Fig. 4.16 shows how P1a(80C) and P3a(0) react to a CO2 increase from 400 ppm
to 5000 ppm at 65 ◦C compared to 25 ◦C. For both polymers, an increased sensitivity can be
observed at higher temperature. This is due to a stronger increase of vac with CO2 adsorption
when the polymers are already softened by the higher temperature. P3a(0), for example,
4.2 FBARs with aminopolysiloxanes 65
Fig. 4.16: Sensitivity curves of the polymers P1a and P3a upon CO2 increase from 400 ppm to 5000 ppm at a
temperature of 25 ◦C (black) and 65 ◦C (red).
has an acoustic velocity of 400m s−1 at 65 ◦C and 400 ppm CO2. Upon CO2 adsorption
(5000 ppm), vac increases to about 700m s−1. The increase of vac indicates that ammonium
carbamate also cross-links the polymer at higher temperatures if sucient CO2 is available.
Measuring these polymers at 65 ◦C would enable a high CO2 sensitivity already at lower
lm thicknesses. Furthermore, FBARs with identical functionalisation could be operated at
dierent temperatures in order to distinguish between CO2 adsorption and other gases. This
would ease the fabrication process as the functionalisation of the array could be uniform
instead of functionalising each FBAR individually.
Fig. 4.17 shows exemplary the sensor response of an FBAR functionalised with 170 nm of P1a
measured at dierent temperatures. At a temperature of 20 ◦C, a weak negative shift can be
observed for increasing CO2 concentration and a stronger negative shift for the increase of the
RH level from 40 to 60%. At 30 ◦C, the polymer is almost insensitive to CO2, which would be
a good temperature to analyse relative humidity changes. With increasing temperature, the
response of the sensor to CO2 becomes a strong positive frequency shift, while the response
Fig. 4.17: FBAR response (frequency shift) of an FBAR functionalised with 170 nm of P1a measured at dif-
ferent temperatures.
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to humidity also gets stronger but is still negative. One can also observe that the noise of the
signal increases with increasing temperature due to the higher resonance damping at lower
vac. The increasing damping of the resonance with temperature also becomes visible through
the error bars in Fig. 4.16. It should be considered that the relative humidity was adjusted at
room temperature and, therefore, does not represent the real RH at higher temperatures.
Long mode vs. shear mode It was found earlier that the operation of the FBAR in the
higher-frequency longitudinal mode might give additional information about the gas-induced
acoustic changes in the functional material. Therefore, the sensitivity towards CO2 and RH
of FBARs coated with P3a(0) was measured in both modes. Fig. 4.18 shows the results for
the shear mode on the left side and for the longitudinal mode on the right side. Both graph
windows include the measurement points of the resonance frequency shift for the fundamental
mode (CO2 - red, RH - blue) and the rst overtone (CO2 - grey top, RH - grey bottom) as
well as the sensitivity curves of the fundamental mode tted with the same data points as
were used in Fig. 4.15.
It can be observed that the sensitivity to both CO2 and RH is smaller when measured in
the longitudinal mode. This is due to the smaller percental increase of the acoustic velocity.
In the longitudinal mode, which has a higher frequency than the shear mode, the derived
acoustic velocity of the polymer is about twice as high as vac of the shear mode. Therefore,
the same absolute change in vac results in a smaller percental increase. Due to the higher vac,
the damping is also slightly smaller in the longitudinal mode, which is reected by the smaller
error bars. Hence, a higher damping due to energy dissipation of the longitudinal wave in
viscoelastic materials could not be conrmed. As the materials density is not inuenced by
the frequency of the measuring acoustic wave, the percental increase of ρ is similar in both
measurment modes.
The dierent sensitivity curves obtained from the longitudinal and shear mode have the same
advantage as measuring at dierent temperatures has: It can be used to distinguish between
gases using only a single functional coating. The only requirement is to have FBARs which
are designed to be operated in both modes. This method for the distinction of dierent gases
is to be preferred over heating the FBARs as it is more gentle to the functional material.
Fig. 4.18 does not only show the sensitivities of the fundamental mode (blue and red), but
also the sensitivity of the rst overtone towards both gases (grey) and for both operation
modes. In general, it can be observed that the gas sensitivity of the overtone is the highest
around 300 nm when it comes out of the forbidden zone and the damping is still strong. With
Fig. 4.18: Sensitivity curves of P3a(0) for the increase of CO2 from 400 ppm to 5000 ppm (red) and the RH
from 40% to 60% (blue) measured in shear mode (left) and in longitudinal mode (right).
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Fig. 4.19: Sensitivity curves of the analysed polymer compositions upon CO2 (top row) and humidity (bottom
row) adsorption one week after functionalisation and after ageing. The ageing period depended on the observed
sensitivity changes. Error bars on the measurement points were omitted for the purpose of clarity.
increasing layer thickness, the sensitivity decreases to an almost constant level. This is the
range in which the resonance is enhanced due to λ/2 of the wave being in the FBAR structure
(excluding the functional layer). It leads to a lessening impact of the functional layer on the
total resonance. Hence the low sensitivity. On the one hand, this overtone can be used to still
get a reliable gas sensitivity at very high functional layer thicknesses. On the other hand, the
sensitivity is rather small compared to the fundamental mode around 200 nm and independent
of the functional layer thickness leaving fewer possibilities for gas separation.
4.2.3 Stability
During the dierent measurements of functionalised FBARs, it became obvious that the
sensitivity of aminopolysiloxanes towards CO2 changes over time. Therefore, the sensitivity
measurements of the polymer mixtures were repeated in regular intervals. Fig. 4.19 shows the
Tab. 4.2: Densities and acoustic velocities of the analysed polymer mixures at dierent times after deposition.
ρ (kgm−3) vac (m s−1)
age
(weeks)
P1(80C) P1a(80C)P2a(0) P3a(0) P1(80C) P1a(80C)P2a(0) P3a(0)
1 2567 2413 2276 2958 1779 1144 560 1110
4 2604 2469 2357 3005 1891 1140 602 1142
12 - 2507 - 2982 - 1100 - 1069
>21 2671 2420 2391 3030 1652 1074 620 1072
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gained results. It can be seen that the CO2 sensitivity of P1(80C) and P2a(0) is already lost
after 4 weeks. P1a(80C) and P3a(0), on the other hand, only showed minor degradation at this
point and the CO2 sensitivity could be measured for at least 13 and 8 months, respectively.
The observations are similar for the humidity sensitivity.
The acoustic parameters of the polymer compositions over time can be followed in Tab. 4.2.
Overall, the parameters seem rather stable and no clear trend of an increase or decrease of
acoustic parameters can be found in the individual polymers. The small changes that can be
detected are not signicant and, moreover, do not reect the observed sensitivity loss. For
example, at an age of 4 weeks, P1(80C), as well as P3a(0), show slightly increased acoustic
parameters. Nevertheless, P1(80C) has lost its sensitivity, whereas P3a(0) is still sensitive at
that time. Apparently, the determined acoustic parameters are not sucient in order to give
reliable information about material changes that could lead to the sensitivity decrease.
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4.3 Degradation mechanisms in aminopolysiloxanes
4.3.1 Stability evaluation
With the results from chapter 4.2, from which we learnt that P2a and P3a become insensitive
upon annealing and that P1 and P2a lose their sensitivity over time, it becomes apparent
that, in order to develop a CO2 sensor with a stable sensitivity, the material degradation
processes must be well understood.
The rst step for this is to evaluate the processes that make the aminopolysiloxanes insen-
sitive to CO2. For this, the polymers P1a, P2a and P3a were annealed dierently and then
analysed in regular intervals regarding their CO2 sensitivity. P1 was omitted for these exper-
iments as its CO2 sensitivity never showed much potential to make a good sensor material.
Fig. 4.20 shows the resulting CO2 sensitivities for the three chosen polymer compositions after
2 days (top row), 2 months (middle row) and 4 months (bottom row) of ageing. The single
sensitivity bars were obtained by averaging the signals of 3 to 6 dierent FBARs that were
all coated with the same material and annealed in the same way. The dierent annealing pro-
cedures are explained in Tab. 3.3 and basically represent extreme temperature (120C), high
humidity (80%) and inert ambient gas (N) compared to the standard annealing in air (80C)
or non-annealing (0). The temperature and ambient gas composition during the annealing
process can considerably inuence the structural changes in the polymers, which is why it is
interesting to analyse the materials after these extrem conditions. The annealing processes
might even accelerate the polymer ageing and thus help analyse degradation products.
Since we know that the sensitivity of each polymer composition depends on the functional
Fig. 4.20: Sensitivity of P1a, P2a and P3a measured with passive FBARs after dierent annealing procedures
when the CO2 concentration was increased from 400 ppm to 5000 ppm. The pillars represent the mean value
over 3-6 FBARs with comparable polymer thicknesses.
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layer thickness, it was aimed to prepare FBARs with comparable aminopolysiloxane thick-
nesses when comparing the dierent annealing procedures. This, however, has proven dicult
for P3a as it becomes very soft at elevated temperatures when CO2 evaporates from the mate-
rial. Therefore, the thicknesses of P3a after annealing are often thinner than the non-annealed
samples. The general thickness that was aimed for varied for each polymer composition. From
Fig. 4.15 one can take the thicknesses with the best compromise between sensitivity and low
measurement error. The perfect lm thickness for P1a and P3a was determined to be 200-300
nm and for P2a 100-150 nm. The thickness specications in Fig. 4.20 show that most of the
prepared samples meet the desired range.
From the top row of Fig. 4.20, the sensitivity dependence of the single polymers on the an-
nealing procedure can be analysed. Apparently, the sensitivity of P1a is very similar for all
kinds of dierent annealing. P2a and P3a, on the other hand, are only sensitivie in their non-
annealed form. P2a, which was only analysed non-annealed and annealed with the standard
80 ◦C, shows a loss of sensitivity upon annealing. P3a behaves similarly to P2a and shows
the best sensitivity in its non-annealed state. Moreover, P3a also shows a small negative CO2
response after annealing in N2 atmosphere. It should be noted that the sensitivity bars in
this top row of Fig. 4.20 can not be compared quantitatively due to the dierent thicknesses
of the functional lms. The changes of the sensitivity bars over time, however, can be com-
pared as always the same coated FBARs are measured. Over time, it can be observed that
all P1a samples lose some of their sensitivity, whereas the non-annealed samples of P3a seem
to maintain their sensitivity. The non-annealed samples of P2a, on the other hand, become
completely insensitive already after some weeks.
All in all, we found that P1a is thermally stable, as well as long term stable with a small
decrease in sensitivity, P3a is long term but not thermally stable and P2a is neither thermally
nor long term stable. The observed dierences must be connected to the dierent polymer
structures. P2a and P3a are both soft polymers when heated, which might be responsible for
their poor thermal stability. Regarding the long term stability, P2a is the most hydrophobic
polymer as well as the softest polymer at room temperature, which could both be related to
its poor long term stability. In order to prevent aminopolysiloxanes from degradation and
to design more stable functional variants, the precise cause of the degradation must be un-
derstood. Dierent mechanisms for the loss of sensitivity in aminopolysiloxanes have already
been suggested by dierent authors. Amongst the most popular suggestions are the forma-
tion of ureas or amides [151, 162, 166, 180, 182], irreversibly bound ammonium carbamate
[183185] or competing acid gas adsorption [10, 181]. Both, the formation of urea and solidly
bound ammonium carbamate are preceded by the adsorption of CO2, which, however, is es-
sential for CO2 sensing. Therefore, in order to create a reliable CO2 sensor, the adsorption
and desorption processes of CO2 in aminopolysiloxanes must be understood very well includ-
ing all possible chemical changes that might damage their functionality. An understanding of
these processes can be gained by using dierent analytical techniques on aminopolysiloxanes
of dierent states of degradation.
4.3.2 Analytical characterisation
Fourier-transform infrared spectroscopy
Fourier-Transform infrared (FTIR) spectroscopy is the most used method for analysing amino-
polysiloxanes as they show distinct absorption bands in the IR spectrum. FTIR spectra can
be used to identify the adsorption product of CO2 on amines as well as the type of degrada-
tion products. For most FTIR measurements, the sample chamber is evacuated in order to
remove gases that would otherwise interfere with the sample spectrum. Evacuation, however,
means that also the adsorbed gases in the functional material will be removed, which can be
disadvantageous for detecting adsorbed CO2 species, however, it also presents the opportunity
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to observe the desorption process itself. Fig. 4.21 a shows exemplary the desorption of CO2
from a 200 nm thick layer of P3 just after annealing in N2 atmosphere and after it had been
exposed to air for two hours. The spectra after 1min, 10min and 60min of evacuation are
depicted and changes are clearly visible. After 60min of evacuation, only the characteristic
bands of primary amine groups (stretch vibrations around 3300 cm−1, deformation vibration
at 1600 cm−1) are visible next to the typical absorption bands of siloxanes (≈ 1100 cm−1) and
alkyl groups (stretch around 2900 cm−1 and deformation at 1500 cm−1  1100 cm−1). The ad-
sorbed CO2, which is visible in the spectra taken after 1min and 10min of evacuation, causes
strong absorption between 3500 and 2100 cm−1 and in the range 1300 cm−1  1700 cm−1.
The single bands that are attributed to the CO2 adsorption product are better visible if the
dierences of the individual spectra are analysed. This was done in Fig. 4.21 b, which shows
the dierence spectra between 1 and 10min and between 10 and 60min obtained through
subtracting the respective spectra from each other. The observed bands agree with the spec-
trum of ammonium carbamate. For example, instead of the double band of the symmetric
and asymmetric NH2 stretch for free amines, the single stretch vibration of NH can be found
(3450 cm−1) as well as many symmetric and asymmetric stretch vibration bands of NH+3 .
Moreover, typical carbamate (CO−2 ) vibration bands are present. A detailed assignment of
the single bands can be found in Tab. 4.3.
Fig. 4.21 c and d show similar spectra just for the reversed process of adsorption. This was
achieved by ushing the sample chamber with N2 until only the bands of free NH2 were visible
and, subsequently, adding 400 ppm CO2 to the gas ow. It should be noted that the intensities
of the desorption and adsorption spectra can not be compared as they show a dierent spot
Fig. 4.21: FTIR spectra of 200 nm thick P3 annealed at 80 ◦C in N2. (a) Spectra after 2 h of air exposure and
subsequent evacuation for 1min, 10min and 60min (top to bottom) showing CO2 desorption. (c) Spectra
after 2 h of N2 ushing and subsequent exposure to < 400 ppm CO2 for 1min, 5min and 30min showing CO2
adsorption. (b) and (d) show the dierence spectra of desorption and adsorption, respectively, which were
obtained by subtraction.
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Tab. 4.3: FTIR band assignment to Fig. 4.21.
position (cm−1) assignment and source
3450 ν(NH) of -NHCO−2 in ammonium carbamate [170, 171, 173]
3370, 3285 νas(NH2), νs(NH2) [172, 173, 205]
3325 νas(NH+3 ) [170]
2923, 2855 νas(CH2), νs(CH2) of -CH2-NH2 [176, 205]
3300  2100 νas(NH+3 ) and νs(NH
+
3 ) [170, 172, 173, 205]
2170 νs(NH+3 ) [172, 176, 205]
1630 asymmetric deformation of NH+3 [171173]
1600 δs(NH2) [205]
1575 νas(CO−2 ) of carbamate [171173, 205]
1480 symmetric deformation of NH+3 [171, 173, 205]
1430 νs(CO−2 ) of carbamate [173, 205]
1380 νs(CO−2 ) of carbamate [171173, 205], ν(C-N) of carbamate [176]






ρ(NH+3 ) [205], ν(C-N) [171, 205], skeletal vibrations of carbamate
860 ω(NH2) [205]
on the sample, which leads to dierent intensities if the sample is not ideally smooth and ho-
mogeneous. From the adsorption spectra it can be deduced that ammonium carbamate forms
quickly and under almost dry conditions, whereas ammonium carbamate for the desorption
experiments was formed under ambient conditions with standard humidity. Apparently, am-
monium carbamate is the main adsorption product for any condition, which is in agreement
with observations from other groups [170176]. For both, adsorption and desorption, a shift
in the wavenumbers of C-H vibrations can be found (e.g. 2923 cm−1, 2855 cm−1). This was
also reported by Yu et al. [176] and explained with changes in the electronic state of -CH2-
when the neighbouring amine group transforms to ammonium carbamate. In the rst minute
of CO2 adsorption (Fig. 4.21 d), these CH2 shifts seem to dier from later changes. This
might be due to the preceding formation of a zwitterionic intermediate (R-NH+2 CO
−
2 ) before
ammonium carbamate is formed as was also suggested by Yu et al. [176]. They based the
zwitterion theory on their observation that the formation of carbamate bands (CO−2 ) preceded
the formation of the ammonium bands (NH+3 ). The same can be observed in Fig. 4.21 d, in
which the ratio between the CO−2 band at 1575 cm
−1 and the NH+3 band at 1480 cm
−1 shifts in
favour of the latter one during longer adsorption time. The shift, however, is only very small
and, thus, its interpretation needs to be considered with care. The adsorption/desorption
experiments were completed in the same way for the functional materials P1a, P2a and P3a
and always showed the same CO2 adsorption bands as observed in this example indicating
that ammonium carbamate is formed independently from the polymer composition.
Considering the spectra from Fig. 4.21 a, it seems that the CO2 desorption can be followed
by the peak position shift of the NH+3 /NH2 band from 1575 cm
−1 to 1600 cm−1. This peak
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Fig. 4.22: Desorption of ammonium carbamate (ν(NH+3 )/ν(NH2): 1575 cm
−1 → 1600 cm−1) in vacuum for the
aminopolysiloxanes P1, P1a, P2a, P3 and P3a after (a  c) annealing in N2 atmosphere, (d  e) no annealing
and (f) annealing in air. Each graph window shows the desorption after a certain time of ageing, i.e. after a
certain time of exposure to air.
shift was recorded for all polymer compositions after dierent annealing procedures and after
dierent times of sample ageing. The resulting graphs, which are presented in Fig. 4.22, give
an idea about how strongly ammonium carbamate is bound in the dierent materials after
dierent annealing and at dierent ages. Fig. 7.8 in the appendix shows the original spectra
from which the peak positions were taken. The top row of Fig. 4.22 depicts the desorption
of the polymer compositions P1, P1a, P2a, P3 and P3a after annealing in N2 and dierent
exposure times to standard atmosphere (ageing 1min (a), 2 h (b) and 2 weeks (c)). After
annealing in N2 atmosphere for 18 h, it can be assumed that the polymer lm is free of any
adsorbed gases. On the way from the furnace to the IR spectrometer, which takes about
1min, some CO2 is already adsorbed in all lms but P1 (Fig. 4.22 a) and is quickly desorbed
during evacuation of the spectrometer except for P1a, which hardly desorbs any CO2 during
60 min of evacuation. After 2 h of air exposure (Fig. 4.22 b), the same trend is observed.
P1 adsorbs CO2 only slowly and both, P1 and P1a also desorb slowly. The other polymer
compositions return to the free amine band position within 60min of evacuation, however,
show slower desorption compared to 1min of air exposure. Fig. 4.22 c depicts the evacuation
of the polymer lms after they have been stored in air for 2 weeks. This time, P1 exhibits
a clear ammonium carbamate band, however, shows no signs of returning back to the free
amine characteristics, even after 22 h of evacuation. The polymers P1a, P3 and P3a still show
reversibility of the CO2 built-in, however, much slower than before. The only polymer with
reversible CO2 adsorption within 60min of evacuation is P2a.
A similar behaviour can be observed for the polymer samples that were not annealed (Fig. 4.22 d
 e) but left to dry in air. Again, the best reversibility can be found for P2a, followed by
P3a and then P3. With age, the desorption time increases for all of these compositions. The
polymer P1a releases CO2 very slowly and P1 does not show any release of CO2 at any time.
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Fig. 4.23: FTIR spectra of the aminopolysiloxanes P1a, P2a and P3a after dierent annealing procedures. The
spectra were taken 2 days after sample preparation and after 10min of evacuation in the spectrometer.
All samples show adsorbed CO2 even after only 1min of air exposure as CO2 was present
throughout the deposition process and never got removed by annealing. Fig. 4.22 f depicts the
desorption graphs for the polymers annealed at 80 ◦C in air. This time, ammonium carbamate
is bound strongly in all polymers due to annaling in the presence of CO2. P2a could not be
analysed in this case as it developed completely dierent IR bands.
In chapter 4.3.1 it was shown that the sensitivity of P2a and P3a is lost after annealing,
whereas P1a maintains its sensitivity throughout all annealing procedures. Fig. 4.23 shows
the corresponding FTIR spectra for each of these polymer compositions after the dierent
annealing procedures in order to connect the sensitivity loss to changes in the FTIR spec-
tra. P1a shows the typical ammonium carbamate bands after most annealing steps. Only
after annealing at 120 ◦C and after annealing at high humidity the spectrum changes. A
temperature of 120 ◦C leads to a band at 1670 cm−1, which is in the characteristic range of
carbonyl compounds. Annealing at high humidity induces a change in the siloxane bands
around 1100 cm−1 as well as an increased intensity of NH+3 bands. P2a and P3a, compared
to P1a, already show the 1670 cm−1 carbonyl band at 80 ◦C. At 120 ◦C, additionally to the
1670 cm−1 band, a sharp band appears at 1715 cm−1, which is also in the range of carbonyl
absorption. For annealing at high humidity, P3a shows the same characteristics as P1a.
In the next gure (Fig. 4.24, FTIR spectra are used to observe spectral changes during ageing
of the non-annealed polymer compositions. P1a, whose sensitivity was stable over 4 months
with minor decreases, shows the same ammonium carbamate spectra after 5 month as in the
rst days after sample preparation. P3a, which was also found to keep its sensitivity for 4
Fig. 4.24: FTIR spectra of the aminopolysiloxanes P1a, P2a and P3a at dierent ages after deposition. The
samples were not annealed prior to the measurements and evacuated for 10min in the spectrometer.
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months, behaves similarly with the dierence that CO2 is desorbed within 10min of evacu-
ation at an age of 2 days. P2a, however, which lost its sensitivity after 2 months, shows a
structural change over time starting already at an age of 2 weeks. The change is the develop-
ment of the carbonyl band at 1670 cm−1, which becomes stronger the longer the polymer ages.
It was also observed that P2a and P3a increasingly form the 1670 cm−1 band when stored in
a bright instead of a dark room (see appendix Fig. 7.9). This could be due to the increased
temperature in the room or the energy of sunlight. Moreover, FTIR spectra of samples taken
after 18 months of ageing indicated that the 1670 cm−1 specie is also eventually formed in the
non-annealed P1a and P3a as well as in P1a annealed at 80 ◦C and aged for 18 months (see
appendix Fig. 7.10).
X-ray photoelectron spectroscopy
The aged samples of P1a, P2a and P3a annealed at dierent temperatures were also char-
acterised with X-ray photoelectron spectroscopy (XPS). In general, XPS provides informa-
tion about the nearest neighbours on an atomic scale. Even though the samples were three
months old when measured, they can be compared to the FTIR spectra of Fig. 4.23 as the
FTIR characteristics of the annealed samples mostly stayed constant over time. Moreover,
a 80 ◦C-annealed sample was freshly prepared for XPS measurements in order to evaluate
ageing-induced changes. It should be kept in mind that XPS measurements are performed
under ultra-high vacuum conditions.
Fig. 4.25 shows the resulting XPS spectra on the example of P3a. The spectra obtained from
P1a and P2a showed no signicant dierences to P3a and are thus not presented. From the Si
2p peaks, one can observe only small dierences between the dierent annealing procedures
applied to P3a. Most dominant is the lower Si 2p binding energy of the sample annealed
at high humidity and the energy dierence between the 80 ◦C annealed fresh sample (dotted
orange) and the aged one (solid orange). A low Si binding energy suggests a more negative
charge on the silicon atom. This negative charge can be introduced from hydroxyl groups, for
example if the polymer is in contact with water. In the C 1s peak, a typical carbonyl signal
can be found at around 287 eV for all aged samples. The signal is smaller in the sample an-
nealed at high humidity and not visible in the spectrum of the fresh polymer. The N 1s peak
allows the detection of protonated amine groups as they appear at higher binding energies
than free amines. It becomes apparent that ageing, as well as annealing in humid atmosphere,
increases the amount of protonated amines.
Fig. 4.25: XPS spectra of P3a annealed with dierent procedures, 3 months after depositon. From each
spectrum only the energy segments of Si 2p, C 1s and N 1s are depicted. The peak assignment was determined
according to [207] (Si 2p), [208] (C 1s) and [209] (N 1s).
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Fig. 4.26: 29Si, 13C and 15N-NMR spectra (cross polarisation) of P2a annealed at 80 ◦C and aged for 1 week
(grey) and 3 months (black).
Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) studies were performed on P2a 1 week after annealing
at 80 ◦C, as well as after 3 month of ageing. The samples had to be annealed in order to
yield suciently hard lms that could be prepared for NMR requirements. The ageing of
P2a, however, can also be followed in the annealed samples as IR measurements showed an
increasing 1670 cm−1 band over time, also in the annealed P2a. The obtained spectra from
29Si, 13C and 15N NMR measurements are presented in Fig. 4.26. From the T1 and D1 peaks
in the 29Si spectra, which stand for silicon atoms with three and two oxygen neighbours,
respectively, of which only one is connected to the polysiloxane matrix, it becomes apparent
that the siloxane matrix must still exhibit some hydroxyl groups after annealing at 80 ◦C. The
Tab. 4.4: NMR peak assignment.
NMR shift (ppm) assignment and source comments
13C-NMR
167.5 -NH-COO− [185, 210, 211] increases slightly with age
48.7 Si-CH2-CH2-CH2-NH2 [185, 211] decreases with age
46.0 Si-CH2-CH2-CH2-NH+3 increases with age
30.9 Si-CH2-CH2-CH2-NH2 [185] decreases with age
28.0 Si-CH2-CH2-CH3
25.0 Si-CH2-CH2-CH2-NH+3 increases with age
21.2 Si-CH2-CH2-CH2-NH2 [185] decreases with age
20.2 Si-CH2-CH2-CH3
18.8 Si-CH2-CH2-CH3
18.0 Si-CH2-CH2-CH2-NH+3 increases with age
2.5 Si-CH3 decreases with age
15N-NMR
-293.3 NH-COO− [210]
-346.7 NH+3 [210] increases with age
-355.3 NH2 [210] decreases with age
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Fig. 4.27: Raman spectra of the aminopolysiloxanes P1a, P2a and P3a annealed at dierent temperatures.
Spectra were taken under ambient conditions and 30min after sample preparation.
ratio between T1-, T2- and T3-groups is stable over time, which indicates a stable polymer
matrix without further polymerisation. In the 13C and 15N spectra, however, changes over
time can be observed. All of these changes are connected to an increasing amount of NH+3
and a decreasing amount of NH2 groups (see peak assignment in Tab. 4.4). Both, the existing
NH+3 bands, as well as the carbamate band at 167.5 ppm in the
13C spectrum indicate the
presence of ammonium carbamate in P2a after annealing.
Raman spectroscopy
Raman spectroscopy was carried out as complementary method to FTIR measurements.
Fig. 4.27 depicts the spectra of P1a, P2a and P3a after annealing at dierent temperatures.
Compared to FTIR measurements, the Raman-active ammonium carbamate bands are gener-
ally weaker and, therefore, harder to analyse. In order to see the small changes, the dierence
spectra between P1a non-annealed and annealed at 80 ◦C and between P3a annealed at 120 ◦C
and 80 ◦C are presented in Fig. 4.28 a and b, respectively. The band assignment is presented
in Tab. 4.5.
The samples of P1a show increased NH2 stretch vibration bands at 3370 cm−1 and 3310 cm−1
with increasing annealing temperature. This is due to the desorption of CO2 at high tem-
peratures and, thus, an increase in free amines. As the Raman samples are thicker compared
to the ones used for FTIR spectroscopy, the diusion of CO2 back into the material takes
longer, which enables the observation of free amines at the time of measurement. Comparing
Fig. 4.28: Dierence spectra of the Raman spectra from Fig. 4.27. Compared are (a) P1a non-annealed and
annealed at 80 ◦C and (b) P3a annealed at 120 ◦C and 80 ◦C.
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3450 ν(NH) of ammonium carbamate [170, 205]
3370, 3310 νas(NH2), νs(NH2) [205]
1670 ν(C=N) of imine or ν(C=O) of urea or bound carbamate [205]
1640 ν(C=N) of imine, ν(C=O) of urea or bound carbamate or deform. of
NH+3 in ammonium carbamate [178, 205]
1604 δs(NH2) [205]
1430 νs(CO−2 ) of carbamate [172, 173, 205]




1265 ν(C-O)of carbamate [205]
1145 ν(C-N) or ρ(NH+3 ) of ammonium carbamate [178, 205]
1075/1085 ν(C-N) of -CH2-NH2 [205]
1050 ρ(NH+3 ) [205] or ν(CO
−
2 ) of ammonium carbamate [178]
965 ρ(NH+3 ) or ν(C-N) of ammonium carbamate[205]
960 C-NH2 deformation [205]
860/870 ω(C-NH2) [205]
495 ω(NO2) or C-N-C skeletal vibrations [185, 205]
the CO2-containing sample of P1a(0) with the CO2-poor sample of P1a(80C) (see Fig. 4.28 a),
ammonium carbamate bands can be found at 3450 cm−1, 1640 cm−1, 1430 cm−1, 1325 cm−1,
1145 cm−1, 1050 cm−1 and 965 cm−1. Repeating the measurements after 2 months, all spectra
of P1a showed a higher amount of ammonium carbamate bands (see appendix Fig. 7.11).
The polymer P3a also exhibits a higher carbamate content in the non-annealed sample com-
pared to the one annealed at 80 ◦C. However, if the material is annealed at 120 ◦C, new,
strong bands appear at 1640 cm−1 and 1670 cm−1 as well as a weaker one at 495 cm−1, as can
be seen in Fig. 4.28 b. At the same time, NH2 vibrations decrease and the lm developed a
yellowish tint whereas the other lms were normally colourless. When P3a was annealed at
120 ◦C in an O2-free standard gas, only regular ammonium carbamate bands could be found
(Fig. 7.12 in the appendix). This could indicate an oxidation of the amine group, but also new
compounds, such as imines or amides are possible. Similarly to FTIR spectra, the position
of the CH stretching vibrations (∼ 2900 cm−1) also slightly shifts when changes to the NH2
group are detected.
4.3.3 Degradation hypothesis
Summarising all analytical results, conclusions can be drawn about the degradation mecha-
nism in the analysed aminopolysiloxanes. First of all, it was found with FTIR measurements
that the regular adsorption product of CO2 on aminopolysiloxanes is ammonium carbamate.
Ammonium carbamate connects two adjacent amine groups as shown in Fig. 4.29 a, which
explains the high stiness increase observed with the FBAR for soft aminopolysiloxanes with
many amine groups. Adsorption and desorption experiments with FTIR spectroscopy showed
that, in general, CO2 is adsorbed and desorbed faster in soft polymers, such as P2a and P3a,
4.3 Degradation mechanisms in aminopolysiloxanes 79
Fig. 4.29: Suggested degradation mechanisms for the sensitivity loss of aminopolysiloxanes towards CO2 on
the example of P3a. Next to the regular CO2 adsorption as ammonium carbamate (a), the found degradation
products contain (b) protonated amines in interaction with Si-O−, (c) ureas and (d) Si-bound carbamate.
and slower in sti polymers, such as P1 and P1a. This can be explained with the more exi-
ble polymer chains that make it easier for one amine group to nd a partner for ammonium
carbamate formation. P2a is especially fast in desorbing CO2 as it is the softest polymer
composition at room temperature. In the desorption experiments it was also observed that
ammonium carbamate is bound stronger over time in all polymer compositions making re-
versible CO2 adsorption less likely the longer the material is exposed to air. This might be due
to the stabilisation of ammonium carbamate by hydrogen bridge bonds and conformational
changes in the polymer structure. The stabilisation of ammonium carbamate also happens
during annealing of the polymer in CO2-containing air. An idea about the strength of this
stabilisation can be gotten through the XPS results, which show signs of ammonium carba-
mate (C=O, NH+3 ) in the aged polymers even after the samples were evacuated for 2 hours
at ultra-high vacuum. The stabilisation of ammonium carbamate is one type of degradation
for the sensitivity of aminopolysiloxanes.
Other types of degradation appear when the polymers are exposed to extreme conditions. By
annealing the chosen polymer compositions dierently, three dierent degradation products
could be found. The rst one appears when the samples are heated at high humidity. Then,
an increased NH+3 concentration is found in FTIR and XPS spectra, next to changes in the
siloxane network indicating negative charge. The high humidity and high temperature must
lead to an increased hydrolysis of the siloxane matrix, as well as to protonation of the amine
groups as was also observed by Vandenberg et al. [212]:
R-NH2 + H2O −→ R-NH+3 + OH
− (4.5)
Si-O-Si + OH− −→ Si-OH + Si-O− (4.6)
The charged species are able to interact electrostatically as NH+3 /SiO
− compounds as shown
in Fig. 4.29 b, which makes the amine group unavailable for further CO2 adsorption. As
NMR spectroscopy showed an increase in NH+3 over time and the existence of Si-OH groups,
it is possible that this degradation mechanism also occurs over time at room temperature.
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However, no indication for this was found in FTIR spectra, which leads to the assumption
that thick samples, as were used for NMR spectroscopy, are necessary in order to observe this
phenomenon.
A second degradation product is marked as a band at 1670 cm−1 in FTIR spectra. It appears
in all polymer compositions after annealing, but also develops over time. The observed band
is likely from the carbonyl stretch of urea (see Fig. 4.29 c), which has been suggested as degra-
dation product for amines by several authors [122, 162, 172, 182]. It forms irreversibly from
ammonium carbamate and especially in dry atmosphere, which explains the formation during
annealing and the anity of the hydrophobic P2a to form urea even at room temperature.
XPS, Raman and NMR spectroscopy of the corresponding samples showed no specic signs
of urea, possibly because urea is not distinguishable from amminum carbamate or because it
does not form in thick layers as were used for Raman and NMR measurements.
The third degradation product, which appeares for P3a at temperatures around 120 ◦C when
annealed in ambient air, is hard to assign to a single specie. It is characterised by an FTIR
band at 1715 cm−1, which has been assigned before to carbamate solidly bound to Si-OH
groups via deprotonation [172, 173, 175] (see Fig. 4.29 d). This compound is known to form
slowly in dry atmosphere and to be very stable. The observations made with Raman spec-
troscopy (bands at 1640 and 1670 cm−1) on thick samples of P3a could also indicate other
substances, such as imines or ureas. Imines would explain the yellowish tint of the samples
after annealing. The observation that the Raman bands did not appear after annealing under
exclusion of O2 could also indicate the formation of nitrates. This, however, has been widely
excluded for temperatures as low as 120 ◦C [122]. All in all, more research needs to be done
in order to clearly identify the third degradation product. For the analysis of the sensitivity
loss in aminopolysiloxanes, however, this research is not crucial as the degradation to urea
always appears to be the primary degradation product.
The degradation anity and the eects on the sensitivity seem to depend strongly on the
structure of the aminopolysiloxane composition. For example, P2a, which is the softest poly-
mer at room temperature and the most hydrophobic, is the most ane to degrade to urea,
however, shows the least amount of irreversibly bound ammonium carbamate. P1a, which
has the stiest siloxane structure, has the most resistance to form degradation products.
Moreover, in contrary to P2a and P3a, P1a keeps its CO2 sensitivity even after degradation
products are formed. From this, certain conclusions can be drawn:
• The stier the aminopolysiloxane, the higher its resistance to degradation. Reason:
exible aminopropyl chains are necessary to form degradation products. Result: P1a
and P3a degrade only little at room temperature, P2a and P3a degrade easily at elevated
temperature
• The stier the siloxane structure, the slower the reaction kinetics and the more likely
solidly bound ammonium carbamate. Reason: a exible structure is necessary to release
CO2. Result: Fast adsorption/desorption in P2a, slow adsorption/desorption in P1a
• extreme conditions (high or low humidity, high temperature) lead to increased degra-
dation. Reason: high temperature softens the polymer, which facilitates the formation
of urea, dryness destabilises ammonium carbamate, which facilitates urea formation,
humidity leads to amine protonation
• Finding degradation products does not imply insensitivity. Reason: as long as free
amines are available, the material is sensitive. Result: P1a is still sensitive after extreme
conditions as the sti structure prevents some amines from getting close enough to a
degradation site
Conclusively, an ideal aminopolysiloxane for the sensing of CO2 has the right balance between
high stiness for degradation resistance and low stiness for quick adsorption reversibility.
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Moreover, it should not be too hydrophobic, neither too hydrophilic and not be exposed to
extreme conditions. A good compromise seems to be P3a, which is only sti due to the
ammonium carbamate bridges and contains 30% of hydrophobic chains. Non-annealed P3a
exhibits very good long term stability due to its high stiness at room temperature and also
fast desorption kinetics due to its more exible basic structure. If the material has to be
annealed, a sti siloxane structure as in P1a should be preferred and the temperature should
only be as high as necessary and the atmosphere should be controlled (e.g. 10% RH and
400 ppm CO2 in N2). These conclusions show the limitations of primary aminopolysiloxanes
as sensitive material for CO2 detection. They are only stable in moderate conditions and
even then degrade due to stabilised ammonium carbamate or the slow formation of urea.
Alternatives, however, still have to be found.
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4.4 CO2 sensing with an active FBAR array
4.4.1 Presentation of the functionalised sensor chip
Active FBAR arrays have the advantage that the sensing signals of many FBARs can be read
out at the same time. With the information about the dierent sensitivities of aminopolysilox-
anes of dierent compositions and lm thicknesses, as were obtained from chapter 4.2, it should
be possible to measure the ambient CO2 concentration and humidity very exactly and inde-
pendently from each other. For this, a sensor array of 64 active FBARs, as seen in Fig. 4.30 a,
was separated by a Kapton tape into two parts. Via drop-coating, the left part was func-
tionalised with P3a(0) and the right part with P1a(80C). The two materials were chosen
as they exhibited the best long-term sensitivities (see chapter 4.3). In order to only anneal
Fig. 4.30: (a) Top-view microscopic image of a sensor chip containing 64 active FBARs that is coated with
P3a(0) on the left side and with P1a(80C) on the right side. (b) Prolometer measurements of each FBAR-row
from (a) before coating (white) and after coating (red) showing the thickness distributions of P3a(0) on the
left side and of P1a(80C) on the right side. The FBARs 32  39 had been covered with a Kapton tape during
deposition and are, thus, uncoated.
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P1a, the annealing step at standard 80 ◦C was performed prior to the deposition of P3a.
The drop-coating deposition method is not as controlled as spin-coating and also leads to
less homogeneous layer. However, it also enables a distribution of dierent lm thicknesses
over the sensor array, which is desireable in order to dierentiate gases. Fig. 4.30 a shows
the microscopic image of the coated FBAR array and Fig. 4.30 b depicts the FBAR prole of
each row from Fig. 4.30 a before and after functionalisation and, thus, gives an idea about the
yielded lm thickness. It can be noted that P3a is deposited in thicknesses between a few
nanometers and 700 nm (FBARs 0  31), whereas the drop-deposition of P1a mostly yielded
very thin lms (FBARs 40  63) with a maximum thickness of ∼ 300 nm (FBAR 41 and 61).
The FBARs that were covered with Kapton tape during the deposition (FBARs 32  39) are
non-functionalised.
Due to the internal read-out of active FBARs, which is optimised for low noise, much better
sensor resolutions can be reached with this setup compared to the passive FBARs that were
used in previous tests. In this chapter, the active FBAR array, coated with the optimised
CO2-sensitive materials, will be used to evaluate the potential of this room temperature CO2
sensor for air quality measurements according to the sensor requirements presented in section
2.3.1 of this work.
4.4.2 Sensor characteristics
Sensitivity





with c being the concentration of the target gas. As the advised maximum concentration
of CO2 in work places (Pettenkofer number [13]) is 1000 ppm, the CO2 concentration range
between 400 ppm and 2000 ppm is especially interesting for air quality measurements. A good
sensor should exhibit a high sensitivity in this range.
Fig. 4.31 depicts the response of all FBARs coated with P3a(0) upon the increase of the CO2
concentration from 400 ppm to 2000 ppm and back in 200 ppm steps. Each concentration was
held for 20min. For the FBARs 19 and 11 (grey and dark green graph, respectively), the
CO2 concentration steps of 200 ppm can clearly be distinguished. The left graphs in the gure
Fig. 4.31: Sensor response of all FBARs coated with P3a(0) at a concentration increase of CO2 from 400 ppm
to 2000 ppm and back in 200 ppm steps. Each concentration level was held for 20min. The left picture shows
the original measurement data and the right one the smoothed graphs after the application of a fast Fourier
transform lter.
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represent the original measurement data and the right graphs show the data after the high
frequency noise was ltered through fast Fourier transform (FFT). As the smoothed curves
depict the sensor response more clearly without taking information away from the signal, they
will henceforth be used standardly. The graphs show that the P3a(0)-coated FBAR sensors
react very dierently to CO2 increase. Some frequency shifts are large and negative (e.g.
FBAR 11 and 19), others are positive and in a medium range (e.g. FBAR 26) but most are
comparably smaller. The smaller sensor responses, including those of the FBARs coated with
P1a(80C), can be seen in more detail in the appendix, Fig. 7.13. As expected due to the thin
lms, the FBARs coated with P1a(80C) exhibit small negative frequency shifts upon CO2
increase. FBARs coated with P3a(0), on the other hand, show a large distribution of sensor
responses due to the stronger variation in the lm thickness. From the tests on passive FBARs
it is known that P3a(0) shows negative CO2 responses at thin lm thicknesses and positive
responses at higher lm thicknesses. This is observed for most FBARs (e.g. 26), which
is about 600 nm thick and, thus, shows a positive frequency shift upon CO2 increase. Some
FBARs, however, (e.g. 11, 15, 18, 19) show unusually large negative frequency shifts although
they exhibit thicknesses at which the response should be positive. This can be explained with
the transfer function recorded for active FBARs that was shown in Fig. 3.2. The plateau from
which the resonance frequency is determined becomes less pronounced the more the FBAR
is damped leading to a rising slope instead of a plateau. Observations during measurements
showed that, with an increasing polymer stiness, the transfer function not only rises to
higher frequencies, but also shifts to higher control voltages. As the operation point is kept at
a constant control voltage, this shift to higher voltages leads to a falling resonance frequency.
Thus, depending on where the operation point is set on the plateau/slope, the resonance
frequency either falls or rises with increasing functional layer stiness. As the sensor response
to CO2 gets very high for those FBARs with a thick layer and a negative frequency shifts,
the described transfer function eect should not be handled as a disadvantage.
For the determination of the sensitivity, the frequency shift between 400 ppm and 2000 ppm
CO2 has to be determined. Obviously, very dierent results will be obtained for the dierent
FBARs. For example, the highest sensitivity is reached for the FBAR 19, which shows
a frequency shift of about 6.4MHz. FBAR 56, on the other hand, which is coated with
P1a(80C), only exhibits a frequency shift of about 19 kHz for the 1600 ppm CO2 increase
(see appendix Fig. 7.13). As the baseline of the FBARs drifted during the measurement, the
sensitivity was measured for the rising, as well as the falling CO2 concentration and then
averaged. The sensitivities obtained for some chosen FBARs are presented in Tab. 4.6.
Resolution
Resolution is the gas concentration change which induces a signal shift that is three times
higher than the white noise of the sensor. The noise is dened as the standard deviation
of the average resonance frequency at a constant CO2 concentration and was measured in
this case for the smoothed graphs at 2000 ppm CO2. Generally, the noise increases with
increasing functional layer thickness. In Tab. 4.6, the measured sensitivities and noise of
some chosen FBARs are presented, as well as the resulting calculated resolution. It is found
that the necessary resolution of 50 ppm can easily be reached with P3a(0)-coated FBARs.
Even resolutions below 20 ppm are possible (FBAR 11). The FBARs coated with P1a(80C)
exhibit insucient resolution due to the thin functional layers, which lead to small sensitivites.
However, better results would be possible if the polymers were deposited thicker. It should
be noted that, depending on the preceding data processing (e.g. stronger smoothing), even
better results might be possible and without data processing the results would be worse.
The graphs in Fig. 4.32 were recorded to verify the calculated resolutions. They show the
frequency shift for CO2 concentration changes from 400 ppm to 600 ppm in 50 ppm steps. For
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Tab. 4.6: Sensitivities, noise and resolution of some chosen FBARs from the sensor array coated with P1a(80C)
and P3a(0). The resolution is calculated from 3·noise·S−1.
FBAR coating sensitivity (Hz/ppm) noise/SD (Hz) resolution (ppm)
0 P3a -75 1035 41.4
6 P3a 467 5086 32.7
11 P3a -2512 15067 18.0
18 P3a -1294 18014 41.8
19 P3a -4000 25181 18.9
56 P1a -12 432 108.0
the FBARs 11, 18 and 19, the concentration changes of 50 ppm can clearly be distinguished.
FBAR 6 becomes more insensitive at concentrations higher than 500 ppm and, therefore, its
resolution of 32.7 ppm can not unconditionally be accepted. FBAR 0, which should be able to
resolve 50 ppm CO2, shows frequency steps with changing CO2 concentration, however, the
sensor signal is superimposed by a strong drift possibly induced by temperature or humidity
changes. The small absolute frequency change makes FBARs with low sensitivity more prone
to inaccuracy due to signal drifts even though the resolution is similar to FBARs with a higher
sensitivity. The last FBAR (number 56) shows, as expected with a resolution of 108 ppm,
no clear frequency shift at concentration changes as low as the applied 50 ppm. All in all, it
becomes apparent that a high sensitivity leads to the best sensor resolution and accuracy.
Fig. 4.32: FFT-ltered sensor response of some chosen active FBARs at a concentration increase of CO2 from
400 ppm to 600 ppm in 50 ppm steps. Each concentration level was held for 20min. The FBAR graphs on the
left side are depicted on a larger y-scale than the ones on the right side.
Dynamic range
The dynamic range is the concentration range in which a sensor is sensitive. For CO2 air
quality measurements, concentrations between 400 ppm and 5000 ppm should be covered by
the sensor. Fig. 4.33 depicts the FBAR resonance frequency shifts at a CO2 increase from
400 ppm to 5000 ppm for some chosen FBARs where each step indicates the next multiple
of 1000 ppm. On the FBARs with high sensitivity (left graph window) it can be seen that
the sensitivity is the highest between 400 ppm and 1000 ppm and then gradually decreases up
to 5000 ppm. Nevertheless, the resolution at 5000 ppm CO2 is still about 500 ppm, which is
acceptable for air quality evaluations.
The right graphs in Fig. 4.33 show a range of responses of FBARs coated with P1a(80C)
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Fig. 4.33: FFT-ltered sensor response of some active FBARs coated with P1a(80C) and P3a(0) at a concen-
tration increase of CO2 from 400 ppm to 5000 ppm in 1000 ppm steps. Each concentration level was held for
20min. The FBAR graphs on the left side are depicted on a larger y-scale than the ones on the right side.
and the signal of FBAR 0, which is coated with P3a(0). It seems that the sensitivity for
P1a(80C) samples is less dependent on the CO2 concentration. In fact, the sensitivity of
P1a samples is almost linear over the whole concentration range. This dierence must be
due to the dierent structure of P3a(0) and P1a(80C) as the polymer thicknesses between
FBAR 0 and the other FBARs are comparable. The higher sensitivity of P3a(0) at low CO2
concentrations is probably related to the strong stiness increase of the material, which adds
to the linear mass increase. As P1a(80C) is already relatively sti at low CO2 concentrations
and has a higher acoustic velocity, the dominating eect in thin lms of P1a(80C) is the linear
mass eect.
A complete saturation of the sensor signal due to the inavailability of amine groups is neither
observed in very thin layers of P1a, nor in thick layers of P3a. This shows that the density of
amine groups in the polymers is well adjusted to the requirements for air quality CO2 sensing.
Response time
Already in Fig. 4.33, it becomes apparent that the response time aects the sensor perfor-
mance. For example, FBAR 19 can clearly not unfold its full sensitivity in the given 20min
as the signal is not yet saturated. FBAR 0, on the other hand, which is much thinner, reaches
its saturation value very quickly after the concentration has changed. In the long run, slow
sensor responses can lead to drifts in the baseline, which reduces the accuracy of the sensor
signal. Moreover, it complicates sensor calibration.
The response time of a sensor is dened as the time after which 90% of the saturation value is
reached. Fig. 4.34 shows the response of FBAR 15 and 18 upon an CO2 increase from 400 ppm
to 1000 ppm and back. As the sensor baseline drifted, the point of saturation was determined
as the point at which the frequency shift becomes linear. This point was reached after around
17min for FBAR 15 and after around 35min for FBAR 18. The determined corresponding
response times were accordingly 11min and 16min. The, with 30min, longest response time
was shown by FBAR 19, which exhibits one of the thickest functionaliation with P3a(0).
This veries that the response time decreases with functional lm thickness, probably due to
faster diusion into the whole lm. An acceptable response time for air quality CO2 sensors
is 10min. This value was reached for most FBARs with a thinner coating than FBAR 15 (ca.
500 nm). Furthermore, it was found that the response times for CO2 desorption were always
slightly higher than for CO2 adsorption. This is not surprising as ammonium carbamate is
energetically more stable in the presence of CO2 than free amines.
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Fig. 4.34: Resonance frequency shift of FBAR 15 and 18 upon CO2 increase from 400 ppm to 1000 ppm and
back in order to determine the sensor response time. As the signal baseline drifted, corrections had to be
applied in order to determine the right saturation point.
Repeatability
An ideal sensor should be able to reproduce a certain signal over a long period of time and
many times without changes in the sensitivity. This requires material stability and reversible
gas adsorption. Fig. 4.35 depicts the frequency shift of 3 dierent FBARs at alternating CO2
cycles of 400 ppm and 1000 ppm. Each concentration was held for 20min. In order to better
compare the sensor responses, the signal of FBAR 0 was multiplied by a factor of 5. The
temperature and RH of the gas ow cell were recorded simultaneously to the measurement in
order to interpret drifts. They are also depicted in the bottom graph window of Fig. 4.35.
In general, the FBAR signals show very good repeatability upon CO2 cycling. They also
show the dierent response times according to the dierent lm thicknesses. While FBAR
0 (<100 nm) reaches the saturation point during the 20min of gas exposure, FBAR 18
(∼ 400 nm) and 26 (∼ 500 nm) respond slowlier. The slower desorption compared to adsorp-
tion also becomes apparent, especially in FBAR 26.
Fig. 4.35: Top window: Measured frequency shifts of 3 chosen FBARs (0, 18, 26) upon repeated CO2 con-
centration cycling. Bottom window: Simultaneously measured temperature and RH of the gas ow cell and
programmed CO2 concentration.
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One occurring problem, which could also be observed in the previous graphs, is the signal
drift. Signal drift can have multiple origins. One example is a changing temperature on the
sensor. If the temperature increases, the resonance frequency decreases due to material ex-
pansion and decreasing vac. This decrease is stronger the thicker the functional layer on top of
the FBAR is as the polymer introduces non-linear components to the temperature coecient.
A changing temperature, however, also leads to a change in the relative humidity, which also
inuences the sensor response as the polymer is also sensitive to humidity. The dependency
of RH from the temperature can be nicely seen in the bottom graph window of Fig. 4.35. A
third cause of drift can be structural changes in the material. Polymer chain reformation or
evaporation of remaining solvent may lead to changes in the polymer stiness and mass. It
was found that the drift in active FBARs is strongest shortly after polymer deposition, which
supports the structural changes as an origin of drift. A further possibility for drift reasons is
the accumulation of gases over time. In chapter 4.3 it was shown that more CO2 is solidly
bound in aminopolysiloxanes after the polymers have aged. This would lead to non-reversible
signals and, thus, a baseline drift. In Fig. 4.35, a positive drift is observed for FBAR 0 and
26 and a negative drift for FBAR 18. The temperature and humidity slightly fell during the
measurement. The positive baseline drift of FBAR 18 after the last CO2 impulse shows a
reversed trend to the previous negative drift. This is an indication that, in thick layers, CO2
accumulation does induce signal drifts. The same can also be observed for FBAR 26, which
starts at the same frequency as FBAR 0, then drifts apart during CO2 cylces and, nally,
reconnects with FBAR 0 after more time is given for the desorption process at the end of the
cycles. FBAR 0, however, drifts to higher frequencies and does not return to the starting fre-
quency, even after a longer desorption time. This shows that a second drift is more dominant
for thin lms. This second drift is probably induced by temperature and relative humidity
changes. If both parameters are known, this drift can be compensated after calibration of
each FBAR.
Cross-sensitivities
Amajor diculty for most room temperature gas sensors is the appearance of cross-sensitivities.
Cross-sensitivities are gases other than the target gas that also induce a signal in the sensor.
Almost all CO2 sensors exhibit cross-sensitivity to humidity, which is always a big problem
that aects the overall sensor performance. Next to humidity, gases that are similar to CO2,
such as NO2 or SO2, are another likely type to induce cross-sensitivities. For air quality mea-
surements, other gases, which often appear as trace gases in indoor room air, also have to be
considered as cross-sensitivities. These gases are, for example, ethanol, CO, NO2 or VOCs,
such as formaldehyde. Formaldehyde is often contained in paints or wall boards and can
evaporate easily. Typical indoor concentrations of formaldehyde are 20 ppb  100 ppb. Ex-
haust gases from trac, industrial processes or re places carry NOx compounds and CO gas.
Buildings in the vicinity of streets or with gas cooking stoves can quickly accumulate these
gases. For the level of NO2 a 1-hour maximum of 160 ppb was declared as health-standard by
WHO-guidelines. The concentration of CO can easily reach 50 ppm in homes with an oven
or attached garage but should not exceed 35 ppm for longer than one hour in order to ensure
human well-being [213].
Fig. 4.36 shows how some aminopolysiloxane-coated FBARs from the active chip react to
typical concentrations of the mentioned gases. The bottom graph window shows the set gas
concentrations and the measured humidity whereas the top graph window shows the corre-
sponding sensor responses. The signals of FBAR 0 and 56 were enhanced by a factor of 10
and 20, respectively, in order to better compare them with the other FBARs. The rst feature
that becomes apparent is the relatively strong sensitivity of all FBARs towards changes in
the relative humidity, which was already expected. The humidity response of the resonance
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Fig. 4.36: Top: response of FBARs coated with aminopolysiloxanes (P1a(80C) and P3a(0)) upon the intro-
duction of dierent gases. Bottom: Set concentrations of ethanol, CO, NO2, formaldehyde and CO2. The set
concentration of RH was 40%  50%, the graph, however, shows the real relative humidity that was measured.
Gas increases were held for 20min and 60min were allowed for signal recovery.
frequency is negative for all FBARs except for FBAR 18, which results from the horizontal
shift of the transfer function as was explained earlier. Nevertheless, all data indicate that the
response time for humidity is shorter than for CO2. This is caused by the dierent types of
adsorption. Water molecules are predominantly adsorbed physically while CO2 is adsorbed
chemically, which requires more time for the formation of bonds. The FBARs show small re-
sponses when the gases ethanol, CO and formaldehyde are injected into the gas ow chamber.
Looking at the measured relative humidity, however, it can be observed that the humidity also
changes with the injection of these gases. The reason for this is that the mass ow controller
of the humid gas stream is not able to adjust properly to such small concentration changes.
As the responses of the FBARs exactly follow the measured RH change, it is very probable
that the observed signals are not from other cross-sensitivities. Moreover, NO2, which induces
no signal in the FBARs, is the gas most similar to CO2 and, therefore, most likely to induce
a sensor signal. As no response is observed for NO2, the FBARs are probably not sensitive
to the other gases either. The low sensitivity of the aminopolysiloxanes to other gases, apart
from water vapour, is very promising for the development of a reliable CO2 sensor.
4.4.3 Selective Multigassensing
The cross-sensitivity to humidity is a big problem for most CO2 sensors. Especially as ambient
humidity uctuations happen regularly, rapidly and cover a large range of concentration.
For aminopolysiloxanes, humidity is the only observed cross-sensitivity and it induces high
changes of the resonance frequency of the FBARs. Compared to other CO2 sensors, however,
the FBAR array oers the possibility to distinguish between the humidity and CO2 signal.
In order to demonstrate this ability, the response of dierent FBARs to changing relative
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Fig. 4.37: Response of some chosen FBARs from the array coated with P3a(0) and P1a(80C) at RH and CO2
concentration changes as depicted in the bottom graph. The CO2 concentration rises and falls to the following
levels: 400 ppm, 450 ppm, 600 ppm, 800 ppm, 1000 ppm and 1500 ppm. The FBAR responses are presented
with dierent scales for better visualisation.
humidity and CO2 concentration was recorded. The results are presented in Fig. 4.37. The
bottom graph window represents the programmed gas composition consisting of three cycles
of RH increase. In the rst cycle, the CO2 concentration was kept at 400 ppm, in the next
two cycles, it was increased up to 1500 ppm and decreased back to 400 ppm for each RH level.
The recorded room temperature during the measurement is also shown in this graph. One can
observe a steeply decreasing temperature after 30 h due to an air draught. The temperature
change caused a small dip in the measured RH as well, but the RH level stabilised after the
bubbler adjusted to the new temperature. The FBAR responses to the gas concentration
changes show a broad matrix of dierent behaviour. In general, FBARs with a large CO2
sensitivity also react more strongly to humidity (e.g. FBAR 18 and 19). However, some
FBARs are completely insensitive to CO2 (FBAR 1, 4 and 45) while reacting to humidity,
and others are almost insensitive to humidity but react to CO2 (FBAR 57). The insensitivity
might originate from lm thicknesses that are just at the point at which the positive and
negative frequency shift compensate each other.
For the separation of two gases, only two FBARs with dierent gas response are necessary.
Using more FBARs would increase the accuracy of the separation, but would also require
more sophisticated statistical and mathematical models. In a basic approach, each FBAR
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resonance frequency depends on two parameters: The CO2 concentration (cCO2) and the
relative humidity (cH2O). From previous measurements of the dynamic range it is known
that the CO2 response saturates at higher concentrations. Therefore, the dependency of the
frequency shift on cCO2 is not linear but can be described with a logarithmic correlation. The
sensor response to RH changes, on the other hand, was found to be approximately linear in
the considered range (∼ 30  60% RH) as can be seen in the appendix in Fig. 7.14. As a
result, the total sensor response of two dierent FBARs can be described as:
∆fFBAR1 = a1 ·∆cH2O + b1 · ln(∆cCO2) + c1 (4.8)
∆fFBAR2 = a2 ·∆cH2O + b2 · ln(∆cCO2) + c2 (4.9)
In this approach it is assumed that the CO2 response is independent of the current RH level
and vice versa. Fig. 4.37, however, shows that this is not true for all FBARs. FBAR 13 and
6, for example, are more sensitive at 50% RH than at 35%. In order to account for this, a
matrix of many dierent CO2 and RH concentration combinations would have to be measured
and used as calibration basis for a more sophisticated, statistical model. As the main focus
of this chapter, however, is to show the principle of gas separation, the simple approach of
independent parameters is sucient. Nevertheless, two FBARs with widely independent CO2
sensitivities were chosen for the demonstration of gas separation.
The responses of FBAR 0 (black) and FBAR 26 (green) are depicted in the top graph win-
dow of Fig. 4.38. FBAR 0 shows an overall drift over a long period of time. This drift was
found to be independent from the room temperature and dierently pronounced for dier-
ent FBARs. The frequency of FBAR 26, for example, barely drifts. As origin for the drift,
structural changes in the functional material are probable and its strength might depend
on the set working point of the transfer function of each FBAR. It should be noted that
the aminopolysiloxanes were measured only one week after deposition and that drifts might
decrease when the material has reached a stable structural conformation. In these measure-
ments, however, in order to minimise the error for the gas separation, the frequency drift of
FBAR 0 was corrected by a linear factor (4698 Hz h). The factor was determined by compar-
ing points of equal gas concentration (400 ppm CO2, 35% RH). From the corrected resonance
frequency of FBAR 0 and the original resonance frequency of FBAR 26, the linear and log-
arithmic dependency on the relative humidity and the CO2 concentration, respectively, were
determined. The results are shown in the middle section of Fig. 4.38. By rearranging eq. 4.8
and eq. 4.9 with the determined parameters from the ts, cCO2 and cH2O can be determined:
∆cCO2 = exp
(





∆fFBAR1 − b1 · ln(∆cCO2)− c1
a1
(4.11)
This was done for the example of FBAR 0 and 26 and the results are depicted in the bottom
graph of Fig. 4.38. It can be seen that the obtained graphs nicely represent the original gas
programme, at least for the rst cycle of humidity with CO2 proles. Even the irregularity
of CO2 in the second pyramide is depicted. The rst step of CO2 increase (+ 50 ppm) can
be resolved nicely by the single FBARs. In the gas-separated graphs, however, the drifting
baseline decreases this resolution. Moreover, it can be observed that the accuracy of the
CO2 concentration and RH becomes more inaccurate in the third cycle of humidity. This
is caused by more drifts, on the one hand, and by the temperature decrease at 30 h, on the
other hand. However, while the temperature returns to its former value after some time, the
FBAR frequencies do not return. As this was never observed with passive FBARs, it might
be connected to the active read-out system, which could be eliminated by a more stable setup.
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Fig. 4.38: Top: resonance frequency shift of FBAR 26 and FBAR 0 (with and without drift correction) upon
the gas changes presented in Fig. 4.37. Middle: tted linear and logarithmic dependencies of FBAR 26 and
the drift corrected FBAR 0 on changes of RH and CO2, respectively. Bottom: separated CO2 and humidity
response using eq. 4.10 and eq. 4.11 and the tted parameters from the middle graphs of this gure.
In summary, the separation of two gases (CO2 and RH) was successfully demonstrated with
two FBARs of dierent functionalisation thicknesses. Thus, the potential of a 64-FBAR array
with a more sophisticated data analysis model becomes clear. A challenge, however, will be
the drift correction for temperature and material changes.
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5 Summary
In this work, FBARs were evaluated as acoustic gas sensors for CO2. For this, FBARs with ac-
tive and passive read-out, originally developed for biosensing applications, were functionalised
with CO2-sensitive materials. The CO2-sensitive materials that showed the best performance
were aminopolysiloxanes, which can be deposited homogeneously via spin-coating.
Based on passive FBARs coated with ethyl cellulose, which is a stable, humidity-sensitive ma-
terial, general characteristics of FBARs with a viscoelastic top layer could be investigated. It
was found that the FBAR can be used to determine the acoustic velocity and density of a func-
tional layer if the resonance frequency shift is known for dierent functional layer thicknesses.
For FBARs with a thick functional layer, a new resonance was observed at higher frequencies
than the fundamental resonance. This new resonance, which exhibits similar characteristics
to lm resonance, was determined to originate from the rst overtone of the FBAR. The rst
overtone is forbidden in QCMs, however, can be excited in FBARs. Ethyl cellulose-coated
FBARs are sensitive to humidity changes as adsorbed water molecules inuence the sensor
mass and the acoustic velocity of the material. It was found that the mass, as well as the
acoustic velocity of EC increase with increasing humidity. As the acoustic velocity changes
become more dominant at higher thicknesses, the sensitivity of the coated FBARs exhibits
a negative frequency shift at small thicknesses (mass-eect) and a positive frequency shift at
thicker lms (acoustic velocity-eect).
A similar behaviour was found for FBARs coated with aminopolysiloxanes upon an increase
in the CO2 concentration. The increase of humidity, however, lead to a decrease of the acous-
tic velocity as adsorbed water decreases the forces between the polymer chains. With the
determination of the acoustic parameters for dierent compositions of aminopolysiloxanes, it
was found that the stiness of the material is dependent on two factors: The connectivity of
the siloxane network and the amount of amine groups that can be cross-linked through am-
monium carbamate in the presence of CO2. At high temperatures, the ammonium carbamate
bonds are broken and the resulting stiness is then only dependent on the siloxane network.
It was found that, in general, the sensitivity to CO2 is especially high if the gas induces a
signicant change in the acoustic velocity. Therefore, soft polymers with many amine groups
are the most sensitive towards CO2 changes.
Observing the sensitivity over a long period of time, it was found that some polymers are
more stable than others and all of them degrade to a certain amount. Analytical investiga-
tions showed that the sensitivity loss is most probably connected to the formation of urea.
Urea forms especially in dry atmosphere and it was found that its formation is faster in softer
polymers. Therefore, aminopolysiloxanes that are soft at room temperature quickly degrade
in the rst months and polymers that become soft at elevated temperatures degrade through
annealing. Other degradation products that were found develop in a high-humidity ambi-
ence and high temperature (NH+4 SiO
−), or at temperatures around 120 ◦C (imides or solidly
bound carbamate). Also ammonium carbamate was found to bond more strongly over time,
which was shown by FTIR desorption time experiments. This increased bonding strength
is probably due to structural changes in the aminopolysiloxanes and hydrogen-stabilisation.
The reversibility of aminopolysiloxanes with a stier siloxane backbone was poorer than for
polymers with a more exible backbone, however, on the other hand, stier polymers showed
a higher stability and were still sensitive when degradation products were already found in
the material. The best long-term stabilities were achieved for aminopolysiloxane compositions
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with 30% hydrophobic parts and 70% amin-containing components (P1a and P3a) of which
the one with the stronger siloxane backbone was annealed and the one with a more exible
backbone was not annealed. These polymers showed high CO2 sensitivities with only minor
weakening in the course of one year.
The two aminopolysiloxane compositions with the best long-term performance were then ap-
plied to an array of 64 active FBARs. The drop-deposition lead to a broad variation of
functional lm thicknesses and, thus, to a broad range of sensitivities. It could be shown that
a resolution of 50 ppm was reached for many FBARs, which is an important benchmark for air
quality CO2 sensors. The FBARs work in a dynamic range between 400 ppm and 5000 ppm
with the sensitivity being linear in this region for the polymer P1a and a decreasing sensitiv-
ity for the polymer P3a. Apart from some exceptions, most FBARs also showed reasonable
response times of less than 10min. The only cross-sensitivity that was found is to humidity.
However, it could be shown that the humidity and CO2 signal can be separated with only two
FBARs that are functionalised dierently. A drawback that could make the calibration of
such a sensor dicult is the observed signal drift. This drift, however, is expected to decrease
once the sensor has aged for some weeks and the structure of the functional material has
settled. The demonstrated gas separation would also be possible with FBARs that are coated
with the same thickness of functional material, but operated at dierent temperatures or at
dierent frequencies.
In summary, the applicability of the FBAR as low-cost, room temperature, highly sensitive
and selective CO2 sensor, with prospects as multi-gas sensor, was analysed and positively
conrmed. It became clear, however, that the sensor performance strongly depends on the
functional material. It was shown that aminopolysiloxanes are well suited materials for the
functionalisation of the FBAR as they exhibit selective and sensitive interaction abilities with
CO2 and are easily deposited as thin layers. Very promising results for the sensor resolution
and selectivity were reached with the FBAR-aminopolysiloxane combination. The stability of
amines, however, is probably not satisfying for applications that need to run for several years
and also the calibration would be dicult with a material so prone to change over time.
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6 Outlook
In the course of this work, a good understanding of FBARs coated with aminopolysiloxanes
was gained. For the development of a comercially reliable CO2 sensor on this basis, however,
more research is necessary in certain areas. One area is the development of a functional
material that adsorbs and desorbs CO2 as quickly as aminopolysiloxanes and can be deposited
as easily, however, is more stable in the long run. Candidates for this could be tertiary or
cyclic amines or completely new material groups, such as ZIFs.
Another area of future research could be the statistical analysis of the FBAR array. Learning
programms should be developed which use the matrix of dierently responding FBARs to
account for drifts, cross-sensitivities and dependencies of humidity and CO2. Non-coated
FBARs could help to simultaneously measure the temperature and humidity and also correct
the other FBARs for these changes. In order to calibrate the drifts, automated calibration
could be applied similar as it is done for NDIR sensors, which set the lowest measured CO2
level during the night to 400 ppm.
As CO2 is one of the most dicult gases to measure, the focus on this gas might hinder the
potential of FBAR arrays, e.g. as electronic noses. Easy gas-functional material combinations
could be used instead, in order to achieve a highly sensitive and selective multi-gas sensor and
develop appropriate read-out and data analysis routines. This could then be implemented in





Tab. 7.1: Purchase specications of the applied chemicals.
substance purity purchased from other information
APTMS,PTMS,
APDES
>96% ABCRGmbH&Co.KG, Germany -
ethyl cellulose n.a. n.a. 45%  46.5%(w/w)
ethoxy content,
49mPa s  55mPa s
NMP 99.5% CG Chemikalien -
methanol n.a. Merck KGaA, Germany 106009 Methanol
1-butanol ≥ 99.5% CarlRothGmbH+Co. KG -
PANI n.a. Sigma-Aldrich, Inc., Germany Mw≈10,000, 476706
ALDRICH
Durimide R© 7505 FUJIFILM Electronic Material 250G FHDPE
chitosan n.a. Sigma-Aldrich, Inc., Germany lowmolecularweight,
448869 ALDRICH
phenol red n.a. Sigma-Aldrich, Inc., Germany 114529 SIGMA-
ALDRICH
TOA 20% in CH3OH Sigma-Aldrich, Inc., Germany 87993 ALDRICH
Tab. 7.2: Acoustic parameters used for Mason Model simultaions.
material vac (m s−1) ρ (kgm−3) Q k
ZnO 2830 5606 200 0.09
Al 3130 2698 1000 0
Al2O3 5790 3965 1000 0
SiO2 3764 2200 1000 0
W 2840 1927 1000 0
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7.2 Additional pictures
Fig. 7.1: Contact angle measurement of a water drop on a silicon oxide substrate (a) before and (b) after
O2-plasma treatment showing the hydrophilisation of the surface.
Fig. 7.2: Microscopic images (5× magnied) of the aminopolysiloxane P1a deposited via (a) spin-coating, (b)
spray-coating and (c) ESI. Optimisation of the spray-coating and ESI technique within appropriate expendi-
tures did not improve the results considerably.
Fig. 7.3: Measured accuracy of mass ow controllers for mixing a certain CO2 concentration.
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Fig. 7.4: Resonance frequency characteristics of EC-coated passive FBARs around the critical thickness for
lm resonance when the rst overtone exceeds the fundamental resonance mode. The resonance frequencies
of the uncoated FBARs were around 771MHz.
Fig. 7.5: Resonance frequency of a passive FBAR coated with 200 nm EC and the corresponding Gauss t
that was used for the determination of the FWHM.
Fig. 7.6: Impedances magnitudes of the FBAR resonances at dierent humidity levels after coating with (a)
115 nm EC and (b) 235 nm EC.
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Fig. 7.7: Contact angle measurement of water on P1 (APTMS - left) and P3 (APDES - right).
Fig. 7.8: FTIR spectra of the polymers P1, P1a, P2, P2a, P3 and P3a after annealing at 80 ◦C in N2 atmo-
sphere. Each graph window shows the spectra measured after 1, 10 and 60mins of vacuum after 1min, 2 h
and 2 weeks of air exposure.
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Fig. 7.9: FTIR spectra of P1a, P2a and P3a non-annealed one week after preparation (black) and the same
samples after ageing for 3 month in a dark room and in a bright room with exposure to sunlight. All spectra
were taken after 10min of evacuation.
Fig. 7.10: FTIR spectra of P1a, P2a and P3a non-annealed 5 months after preparation (grey) and 18 months
after preparation (black) as well as of P1a annealed at 80 ◦C and aged for 18 months (orange).
Fig. 7.11: Raman spectra of the aminopolysiloxanes P1a, P2a and P3a annealed at dierent temperatures.
Spectra were taken at ambient conditions and 2 months after preparation.
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Fig. 7.12: Raman spectra of P1a annealed at 120 ◦C in dierent ambient conditions. Standard air without O2
only contains N2, 400 ppm CO2 and 40% RH. Spectra are taken 2 h after preparation.
Fig. 7.13: Response of some chosen active FBARs to a concentration change of CO2 from 400 ppm to 2000 ppm
in 200 ppm steps. The left picture shows sensor signals in the frequency shift range from -200 to 800 kHz and
the right picture shows sensors with less than 30 kHz resonance shift.
Fig. 7.14: Resonance frequency shift of two chosen active FBARs upon changing relative humidity.
103
Bibliography
[1] Ryabtsev, S. V., Shaposhnick, A. V., Lukin, A. N., and Domashevskaya, E. P. Appli-
cation of semiconductor gas sensors for medical diagnostics. In: Sensors and Actuators
B: Chemical 59. 1 (1999), pp. 2629.
[2] Park, J., Yee, H., Lee, K. S., Lee, W., Shin, M., Kim, T., and Kim, S. Determination
of breath alcohol using a dierential-type amperometric biosensor based on alcohol
dehydrogenase. In: Analytica chimica acta 390. 1 (1999), pp. 8391.
[3] Zampolli, S., Elmi, I., Ahmed, F., Passini, M., Cardinali, G. C., Nicoletti, S., and
Dori, L. An electronic nose based on solid state sensor arrays for low-cost indoor air
quality monitoring applications. In: Sensors and Actuators B: Chemical 101. 1 (2004),
pp. 3946.
[4] Schweizer-Berberich, P.-M., Vaihinger, S., and Göpel, W. Characterisation of food
freshness with sensor arrays. In: Sensors and Actuators B: Chemical 18. 1 (1994),
pp. 282290.
[5] Eddingsaas, N. C., Loza, C. L., Yee, L. D., Chan, M., Schilling, K. A., Chhabra, P. S.,
Seinfeld, J. H., and Wennberg, P. O. α-pinene photooxidation under controlled chemi-
cal conditionsPart 2: SOA yield and composition in low-and high-NOx environments.
In: Atmospheric Chemistry and Physics 12. 16 (2012), pp. 74137427.
[6] Pohle, R., Simon, E., Schneider, R., Fleischer, M., Sollacher, R., Gao, H., Müller,
K., Jauch, P., et al. Fire detection with low power fet gas sensors. In: Sensors and
Actuators B: Chemical 120. 2 (2007), pp. 669672.
[7] James, D., Scott, S. M., Ali, Z., and Ohare, W. T. Chemical sensors for electronic
nose systems. In: Microchimica Acta 149. 1-2 (2005), pp. 117.
[8] Korotcenkov, G. Handbook of Gas Sensor Materials. Springer, 2013.
[9] Stern, N. H. The economics of climate change: the Stern review. Cambridge University
Press, 2007.
[10] Khatri, R. A., Chuang, S. S. C., Soong, Y., and Gray, M. Thermal and chemical
stability of regenerable solid amine sorbent for CO2 capture. In: Energy & Fuels 20.
4 (2006), pp. 15141520.
[11] Tans, P. U.S. Department of Commerce, national Oceanic & Atmospheric Administra-
tion, NOAA research. 2017. url: https://www.esrl.noaa.gov/gmd/ccgg/trends/.
[12] O'Neill, B. C. and Oppenheimer, M. Dangerous climate impacts and the Kyoto Pro-
tocol. In: Science 296. 5575 (2002), pp. 19711972.
[13] Pettenkofer, M. von. Über den Luftwechsel in Wohngebäuden. München: Cotta, 1858.
[14] United States, Environmental Protection Agency. Carbon Dioxide as a Fire Suppres-
sant: Examining the Risks. US EPA, Air and Radiation, 2000.
[15] Weimar, U. Clean and resource ecient buildings for real life. European Community's





[16] Star, A., Han, T.-R., Joshi, V., Gabriel, J.-C. P., and Grüner, G. Nanoelectronic
carbon dioxide sensors. In: Advanced Materials 16. 22 (2004), pp. 20492052.
[17] Puligundla, P., Jung, J., and Ko, S. Carbon dioxide sensors for intelligent food pack-
aging applications. In: Food Control 25. 1 (2012), pp. 328333.
[18] Lee, Y., Ju, Y., Min, C., Kang, S., Hwang, I., and Song, J. CoMon: Cooperative am-
bience monitoring platform with continuity and benet awareness. In: Proceedings of
the 10th international conference on Mobile systems, applications, and services. ACM.
2012, pp. 4356.
[19] Fanget, S., Hentz, S., Puget, P., Arcamone, J., Matheron, M., Colinet, E. D., Andreucci,
P., Duraourg, L., et al. Gas sensors based on gravimetric detection - A review. In:
Sensors and Actuators B: Chemical 160. 1 (2011), pp. 804821.
[20] Han, S., Liu, J., Zhu, M., Shen, C., and Zhang, J. Advancement and Trend of Nondis-
persive Infrared Carbon Dioxide Sensor. In: 3rd International Conference on Materials
Engineering, Manufacturing Technology and Control. 2016, pp. 17571761.
[21] Sauerbrey, G. Verwendung von Schwingquarzen zur Wägung dünner Schichten und
zur Mikrowägung. In: Zeitschrift für Physik A Hadrons and Nuclei 155. 2 (1959),
pp. 206222.
[22] Grudkowski, T. W., Black, J. F., Reeder, T. M., Cullen, D. E., and Wagner, R. A.
Fundamental-mode VHF/UHF minature acoustic resonators and lters on silicon.
In: Applied Physics Letters 37. 11 (1980), pp. 993995.
[23] Wingqvist, G. AlN-based sputter-deposited shear mode thin lm bulk acoustic res-
onator (FBAR) for biosensor applications-a review. In: Surface and Coatings Technol-
ogy 205. 5 (2010), pp. 12791286.
[24] Lakin, K. M., Kline, G. R., and McCarron, K. T. High-Q microwave acoustic res-
onators and lters. In: IEEE transactions on microwave theory and techniques 41. 12
(1993), pp. 21392146.
[25] Ruby, R. C., Bradley, P., Oshmyansky, Y., Chien, A., and Larson III, J. D. Thin
lm bulk wave acoustic resonators (FBAR) for wireless applications. In: Ultrasonics
Symposium, 2001 IEEE. Vol. 1. IEEE. 2001, pp. 813821.
[26] Lakin, K. M., Kline, G. R., and McCarron, K. T. Development of miniature lters for
wireless applications. In: IEEE Transactions on Microwave Theory and Techniques
43. 12 (1995), pp. 29332939.
[27] Grate, J. W., Wise, B. M., and Abraham, M. H. Method for unknown vapor char-
acterization and classication using a multivariate sorption detector. Initial derivation
and modeling based on polymer-coated acoustic wave sensor arrays and linear solvation
energy relationships. In: Analytical Chemistry 71. 20 (1999), pp. 45444553.
[28] Link, M., Weber, J., Schreiter, M., Wersing, W., Elmazria, O., and Alnot, P. Sens-
ing characteristics of high-frequency shear mode resonators in glycerol solutions. In:
Sensors and Actuators B: Chemical 121. 2 (2007), pp. 372378.
[29] Wingqvist, G., Bjurström, J., Liljeholm, L., Yantchev, V., and Katardjiev, I. Shear
mode AlN thin lm electro-acoustic resonant sensor operation in viscous media. In:
Sensors and Actuators B: Chemical 123. 1 (2007), pp. 466473.
[30] Weber, J., Albers, W. M., Tuppurainen, J., Link, M., Gabl, R., Wersing, W., and
Schreiter, M. Shear mode FBARs as highly sensitive liquid biosensors. In: Sensors
and Actuators A: Physical 128. 1 (2006), pp. 8488.
Bibliography 105
[31] Nirschl, M., Rantala, A., Tukkiniemi, K., Auer, S.., Hellgren, A.-C., Pitzer, D., Schre-
iter, M., and Vikholm-Lundin, I. CMOS-integrated lm bulk acoustic resonators for
label-free biosensing. In: Sensors 10. 5 (2010), pp. 41804193.
[32] Xu, W., Zhang, X., Choi, S., and Chae, J. A high-quality-factor lm bulk acoustic
resonator in liquid for biosensing applications. In: Microelectromechanical Systems,
Journal of 20. 1 (2011), pp. 213220.
[33] Gabl, R, Green, E., Schreiter, M., Feucht, H. D., Zeininger, H., Primig, R., Pitzer, D.,
Eckstein, G., et al. Novel integrated FBAR sensors: a universal technology platform
for bio-and gas-detection. In: Sensors, 2003. Proceedings of IEEE. Vol. 2. IEEE. 2003,
pp. 11841188.
[34] Benetti, M., Cannata, D., D'Amico, A., Di Pietrantonio, F., Foglietti, V., and Verona,
E. Thin lm bulk acoustic wave resonator (TFBAR) gas sensor. In: Ultrasonics Sym-
posium, 2004 IEEE. Vol. 3. IEEE. 2004, pp. 15811584.
[35] Rey-Mermet, S., Lanz, R., and Muralt, P. Bulk acoustic wave resonator operating at
8GHz for gravimetric sensing of organic lms. In: Sensors and Actuators B: Chemical
114. 2 (2006), pp. 681686.
[36] Penza, M., Aversa, P., Cassano, G., Suriano D.and Wlodarski, W., Benetti, M., Can-
nata, D., Di Pietrantonio, F., and Verona, E. Thin-lm bulk-acoustic-resonator gas
sensor functionalized with a nanocomposite LangmuirBlodgett layer of carbon nan-
otubes. In: IEEE Transactions on Electron Devices 55. 5 (2008), pp. 12371243.
[37] Chen, D., Xu, Y., Wang, J., and Zhang, L. Nerve gas sensor using lm bulk acoustic
resonator modied with a self-assembled Cu2+/11-mercaptoundecanoic acid bilayer.
In: Sensors and Actuators B: Chemical 150. 1 (2010), pp. 483486.
[38] Reichl, W., Runck, J., Schreiter, M., Greert, E., and Gabl, R. Novel gas sensors based
on thin lm bulk acoustic resonators. In: Sensors, 2004. Proceedings of IEEE. IEEE.
2004, pp. 15041505.
[39] Homann, R., Schreiter, M., and Heitmann, J. The concept of thin lm bulk acoustic
resonators as selective CO2 gas sensors. In: Journal of Sensors and Sensor Systems 6.
1 (2017), pp. 8796.
[40] Zhou, R., Schmeisser, D., and Göpel, W. Mass sensitive detection of carbon dioxide
by amino group-functionalized polymers. In: Sensors and Actuators B: Chemical 33.
1-3 (1996), pp. 188193.
[41] Lemme, H. Sensoren in der Praxis: Daten, Applikationen, Bezugsquellen. Franzis, 1990.
[42] Griths, E.H. The Measurement of High Temperatures. In: Nature 53 (1896), pp. 389
390.
[43] Neri, G. First Fifty Years of Chemoresistive Gas Sensors. In: Chemosensors 3. 1
(2015), pp. 120.
[44] Tränkler, H.-R. and Reindl, L. M. Sensortechnik: Handbuch für Praxis und Wissenschaft.
Springer-Verlag, 2015.
[45] Wang, W., Lee, K., Kim, T., Park, I., and Yang, S. A novel wireless, passive CO2
sensor incorporating a surface acoustic wave reective delay line. In: Smart materials
and structures 16. 4 (2007), pp. 13821389.
[46] Moseley, P. T., Norris, J. O. W., and Williams, D. E. Techniques and mechanisms in gas
sensing. The Adam Hilger series on sensors. Adam Hilger, 1991. isbn: 9780750300742.
[47] Ishihara, T., Kometani, K., Nishi, Y., and Takita, Y. Improved sensitivity of CuO
BaTiO3 capacitive-type CO2 sensor by additives. In: Sensors and Actuators B: chem-
ical 28. 1 (1995), pp. 4954.
106 Bibliography
[48] Pandey, S., Baker, S. N., Pandey, S., and Baker, G. A. Optically responsive switchable
ionic liquid for internally-referenced uorescence monitoring and visual determination
of carbon dioxide. In: Chemical Communications 48. 56 (2012), pp. 70437045.
[49] Moumen, S., Raible, I., Krauÿ, A., and Wöllenstein, J. Infrared investigation of CO2
sorption by amine based materials for the development of a NDIR CO2 sensor. In:
Sensors and Actuators B: Chemical 236 (2016), pp. 10831090.
[50] Apte, M. G. A review of demand control ventilation. In: LBNL-60170 Report (2006).
[51] Vincent, T. A., Urasinska-Wojcik, B., and Gardner, J. W. Development of a low-cost
NDIR system for ppm detection of carbon dioxide in exhaled breath analysis. In:
Procedia Engineering 120 (2015), pp. 388391.
[52] Liu, X., Cheng, S., Liu, H., Hu, S., Zhang, D., and Ning, H. A survey on gas sensing
technology. In: Sensors 12. 7 (2012), pp. 96359665.
[53] Fisk, W. J., Faulkner, D., and Sullivan, D. P. Accuracy of CO2 sensors in commercial
buildings: a pilot study. In: Lawrence Berkeley National Laboratory (2006).
[54] Xu, L. Q., Zhang, B., Sun, M., Hong, L., Neoh, K.-G., Kang, E.-T., and Fu, G. D. CO2-
triggered uorescence turn-on response of perylene diimide-containing poly (N, N-
dimethylaminoethyl methacrylate). In: Journal of Materials Chemistry A 1. 4 (2013),
pp. 12071212.
[55] Mills, A., Skinner, G. A., and Grosshans, P. Intelligent pigments and plastics for CO2
detection. In: Journal of Materials Chemistry 20. 24 (2010), pp. 50085010.
[56] Guo, Z., Song, N. R., Moon, J. H., Kim, M., Jun, E. J., Choi, J., Lee, J. Y., Bielawski,
C. W., et al. A benzobisimidazolium-based uorescent and colorimetric chemosensor
for CO2. In: Journal of the American Chemical Society 134. 43 (2012), pp. 17846
17849.
[57] Salam, F. and Weppner, W. Solid-state potentiometric CO2 sensor based on Li22co3-
MgO electrolyte. In: Ionics 4. 5-6 (1998), pp. 355359.
[58] Gauthier, M. and Chamberland, A. Solid-State Detectors for the Potentiometric De-
termination of Gaseous Oxides I. Measurement in Air. In: Journal of the electrochem-
ical society 124. 10 (1977), pp. 15791583.
[59] Yamazoe, N. and Miura, N. Environmental gas sensing. In: Sensors and Actuators
B: Chemical 20. 2-3 (1994), pp. 95102.
[60] Kaneyasu, K., Otsuka, K., Setoguchi, Y., Sonoda, S., Nakahara, T., Aso, I., and Nak-
agaichi, N. A carbon dioxide gas sensor based on solid electrolyte for air quality
control. In: Sensors and Actuators B: Chemical 66. 1 (2000), pp. 5658.
[61] Yao, S., Hosohara, S., Shimizu, Y., Miura, N., Futata, H., and Yamazoe, N. Solid
electrolyte CO2 sensor using NASICON and Li-based binary carbonate electrode. In:
Chemistry letters 20. 11 (1991), pp. 20692072.
[62] Lee, J.-S., Lee, J.-H., and Hong, S.-H. NASICON-based amperometric CO2 sensor
using Na2CO3BaCO3 auxiliary phase. In: Sensors and Actuators B: Chemical 96. 3
(2003), pp. 663668.
[63] Lang, T., Wiemhöfer, H.-D., and Göpel, W. Carbonate based CO2 sensors with high
performance. In: Sensors and Actuators B: Chemical 34. 1 (1996), pp. 383387.
[64] Hunter, G., Xu, J., Liu, C. C., Ward, B., Lukco, D., Artale, M., Lampard, P., Androjna,
D., et al. Miniaturized amperometric solid electrolyte carbon dioxide sensors. In: ECS
Transactions 3. 10 (2006), pp. 203211.
Bibliography 107
[65] Doan, T. C. D., Ramaneti, R., Baggerman, J., Bent, J. F. van der, Marcelis, A. T.
M., Tong, H. D., and Rijn, C. J. M. van. Carbon dioxide sensing with sulfonated
polyaniline. In: Sensors and Actuators B: Chemical 168 (2012), pp. 123130.
[66] Haeusler, A. and Meyer, J.-U. A novel thick lm conductive type CO2 sensor. In:
Sensors and Actuators B: Chemical 34. 1 (1996), pp. 388395.
[67] Willa, C., Yuan, J., Niederberger, M., and Koziej, D. When nanoparticles meet poly
(ionic liquid)s: chemoresistive CO2 sensing at room temperature. In: Advanced Func-
tional Materials 25. 17 (2015), pp. 25372542.
[68] Yoon, H. J., Yang, J. H., Zhou, Z., Yang, S. S., Cheng, M. M.-C., et al. Carbon
dioxide gas sensor using a graphene sheet. In: Sensors and Actuators B: Chemical
157. 1 (2011), pp. 310313.
[69] Endres, H.-E., Hartinger, R., Schwaiger, M., Gmelch, G., and Roth, M. A capacitive
CO2 sensor system with suppression of the humidity interference. In: Sensors and
Actuators B: Chemical 57. 1 (1999), pp. 8387.
[70] Herrán, J., Mandayo, G. G., and Castano, E. Solid state gas sensor for fast carbon
dioxide detection. In: Sensors and Actuators B: Chemical 129. 2 (2008), pp. 705709.
[71] Ishihara, T., Kometani, K., Mizuhara, Y., and Takita, Y. Mixed oxide capacitor of
CuOBaTiO3 as a new type CO2 gas sensor. In: Journal of the American Ceramic
Society 75. 3 (1992), pp. 613618.
[72] Patel, S. V., Hobson, S. T., Cemalovic, S., and Misna, T. E. Materials for capacitive
carbon dioxide microsensors capable of operating at ambient temperatures. In: Journal
of sol-gel science and technology 53. 3 (2010), pp. 673679.
[73] Kebabian, P. L. and Freedman, A. Fluoropolymer-based capacitive carbon dioxide
sensor. In: Measurement Science and Technology 17. 4 (2006), p. 703.
[74] Mizuno, N., Yoshioka, T., Kato, K., and Iwamoto, M. CO2-sensing characteristics
of SnO2 element modied by La2O3. In: Sensors and Actuators B: Chemical 13. 1-3
(1993), pp. 473475.
[75] Ostrick, B., Mühlste, J., Fleischer, M.x, Meixner, H., Doll, T., and Kohl, C.-D. Ad-
sorbed water as key to room temperature gas-sensitive reactions in work function type
sensors: the carbonatecarbon dioxide system. In: Sensors and Actuators B: Chemical
57. 1 (1999), pp. 115119.
[76] Tanvir, N. B., Wilbertz, C., Steinhauer, S., Köck, A., Urban, G., and Yurchenko,
O. Work function based CO2 gas sensing using metal oxide nanoparticles at room
temperature. In: Materials Today: Proceedings 2. 8 (2015), pp. 41904195.
[77] King, W. H. Piezoelectric sorption detector. In: Analytical Chemistry 36. 9 (1964),
pp. 17351739.
[78] Lucklum, R., Henning, B., Hauptmann, P., Schierbaum, K. D., Vaihinger, S., Go, W.,
et al. Quartz microbalance sensors for gas detection. In: Sensors and Actuators A:
Physical 27. 1 (1991), pp. 705710.
[79] Fatibello-Filho, O., De Andrade, J. F., Suleiman, A. A., and Guilbault, G. G. Piezo-
electric crystal monitor for carbon dioxide in fermentation processes. In: Analytical
Chemistry 61. 7 (1989), pp. 746748.
[80] Nieuwenhuizen, M. S. and Nederlof, A. J. A SAW gas sensor for carbon dioxide and
water. Preliminary experiments. In: Sensors and Actuators B: Chemical 2. 2 (1990),
pp. 97101.
108 Bibliography
[81] Zhou, R., Vaihinger, S., Geckeler, K. E., and Göpel, W. Reliable CO2 sensors with
silicon-based polymers on quartz microbalance transducers. In: Sensors and Actuators
B: Chemical 19. 1 (1994), pp. 415420.
[82] Hoyt, A. E., Ricco, A. J., Bartholomew, J. W., and Osbourn, G. C. SAW sensors
for the room-temperature measurement of CO2 and relative humidity. In: Analytical
Chemistry 70. 10 (1998), pp. 21372145.
[83] Serban, B., Sarin Kumar, A. K., Costea, S., Mihaila, M., Buiu, O., Brezeanu, M.,
Varachiu, N., and Cobianu, C. Polymer-amino carbon nanotube nanocomposites for
surface acoustic wave CO2 detection. In: Romanian Journal of Information Science
Technology 12. 3 (2009), pp. 376384.
[84] Zribi, A., Knobloch, A., and Rao, R. CO2 detection using carbon nanotube networks
and micromachined resonant transducers. In: Applied Physics Letters 86. 20 (2005),
p. 3112.
[85] Hwang, Y., Sohn, H., Phan, A., Yaghi, O. M., and Candler, R. N. Dielectrophoresis-
assembled zeolitic imidazolate framework nanoparticle-coupled resonators for highly
sensitive and selective gas detection. In: Nano letters 13. 11 (2013), pp. 52715276.
[86] Gomes, M. T. S. R., Rocha, T. A., Duarte, A. C., and Oliveira, J. A. B. P. Performance
of a tetramethylammonium uoride tetrahydrate coated piezoelectric crystal for carbon
dioxide detection. In: Analytica chimica acta 335. 3 (1996), pp. 235238.
[87] Curie, J. and Curie, P. Développement, par pression, de l'électricité polaire dans les
cristaux hémièdres à faces inclinées. In: Comptes rendus 91 (1880), pp. 294295.
[88] Uchino, K. Introduction to piezoelectric actuators and transducers. Tech. rep. Pennsyl-
vania State University Park, 2003.
[89] Rosenbaum, J. Bulk Acoustic Wave Theory and Devices. Artech House Inc., 1988.
[90] Tirado, J. V. Bulk Acoustic Wave Resonators and their Application to Microwave
Devices. PhD thesis. Universitat Autónoma de Barcelona, Department de Telecomu-
nicacions, 2010.
[91] Ruby, R., Bradley, P., Larson III, J. D., and Oshmyansky, Y. PCS 1900 MHz duplexer
using thin lm bulk acoustic resonators (FBARs). In: Electronics Letters 35. 10 (1999),
pp. 794795.
[92] Jin, H., Dong, S. R., Luo, J. K., and Milne, W. Generalised Butterworth-Van Dyke
equivalent circuit for thin-lm bulk acoustic resonator. In: Electronics Letters 47. 7
(2011), pp. 424426.
[93] Zhang, Y. and Chen, D. Multilayer Integrated Film Bulk Acoustic Resonators. Springer
Science & Business Media, 2012.
[94] Mason, W. P. Electromechanical transducers and wave lters. D. Van Nostrand Co.,
1948.
[95] Mason, W. P. Equivalent electromechanical representation of trapped energy trans-
ducers. In: Proceedings of the IEEE 57. 10 (1969), pp. 17231734.
[96] Redwood, M. Transient performance of a piezoelectric transducer. In: The journal of
the acoustical society of America 33. 4 (1961), pp. 527536.
[97] Krimholtz, R., Leedom, D. A., and Matthaei, G. L. New equivalent circuits for ele-
mentary piezoelectric transducers. In: Electronics Letters 6. 13 (1970), pp. 398399.
Bibliography 109
[98] Sherrit, S., Leary, S. P., Dolgin, B. P., and Bar-Cohen, Y. Comparison of the Mason
and KLM equivalent circuits for piezoelectric resonators in the thickness mode. In:
Ultrasonics Symposium, 1999. Proceedings. 1999 IEEE. Vol. 2. IEEE. 1999, pp. 921
926.
[99] Nomura, T. and Okuhara, M. Frequency shifts of piezoelectric quartz crystals im-
mersed in organic liquids. In: Analytica Chimica Acta 142 (1982), pp. 281284.
[100] Kanazawa, K. K. and Gordon, J. G. Frequency of a quartz microbalance in contact
with liquid. In: Analytical Chemistry 57. 8 (1985), pp. 17701771.
[101] Link, M. Study and realization of shaer wave mode solidly mounted lm bulk acoustic
resonators (FBAR) made of c-axis inclined zinc oxide (ZnO). PhD thesis. Universite
Henri Poincare, Nancy I, 2006.
[102] Johannsmann, D. Feature Article Viscoelastic analysis of organic thin lms on quartz
resonators. In: Macromolecular Chemistry and Physics 200 (1999), pp. 501516.
[103] Bandey, H. L., Martin, S. J., Cernosek, R. W., and Hillman, A. R. Modeling the
responses of thickness-shear mode resonators under various loading conditions. In:
Analytical chemistry 71. 11 (1999), pp. 22052214.
[104] Domack, A. and Johannsmann, D. Plastication during sorption of polymeric thin
lms: a quartz resonator study. In: Journal of applied physics 80. 5 (1996), pp. 2599
2604.
[105] Johannsmann, D., Mathauer, K., Wegner, G., and Knoll, W. Viscoelastic properties
of thin lms probed with a quartz-crystal resonator. In: Physical Review B 46. 12
(1992), p. 7808.
[106] Johannsmann, D. Studies of Viscoelasticity with the QCM. In: Piezoelectric Sensors.
Springer, 2006, pp. 49109.
[107] Hossenlopp, J., Jiang, L., Cernosek, R., and Josse, F. Characterization of epoxy resin
(SU-8) lm using thickness-shear mode (TSM) resonator under various conditions. In:
Journal of Polymer Science Part B: Polymer Physics 42. 12 (2004), pp. 23732384.
[108] Martin, S. J. and Frye, G. C. Surface acoustic wave response to changes in viscoelastic
lm properties. In: Applied physics letters 57. 18 (1990), pp. 18671869.
[109] Grate, J. W., Patrash, S. J., and Abraham, M. H. Method for estimating polymer-
coated acoustic wave vapor sensor responses. In: Analytical Chemistry 67. 13 (1995),
pp. 21622169.
[110] Lucklum, R. Resonante Sensoren. PhD thesis. Otto-von-Guericke-Universität Magde-
burg, Universitätsbibliothek, 2002.
[111] Martin, S. J., Frye, G. C., and Senturia, S. D. Dynamics and response of polymer-
coated surface acoustic wave devices: eect of viscoelastic properties and lm reso-
nance. In: Analytical Chemistry 66. 14 (1994), pp. 22012219.
[112] Gransta, V. E. and Martin, S. J. Characterization of a thickness-shear mode quartz
resonator with multiple nonpiezoelectric layers. In: Journal of Applied Physics 75. 3
(1994), pp. 13191329.
[113] Hulanicki, A., Glab, S., and Ingman, F. Chemical sensors: denitions and classica-
tion. In: Pure and Applied Chemistry 63. 9 (1991), pp. 12471250.
[114] Lee, K. B., Beaver, M. G., Caram, H. S., and Sircar, S. Reversible chemisorbents for
carbon dioxide and their potential applications. In: Industrial & Engineering Chem-
istry Research 47. 21 (2008), pp. 80488062.
110 Bibliography
[115] Wiberg, E., Holleman, A. F., and Wiberg, N. Inorganic Chemistry. Academic Press,
2001.
[116] Samanta, A., Zhao, A., Shimizu, G. K. H., Sarkar, P., and Gupta, R. Post-combustion
CO2 capture using solid sorbents: a review. In: Industrial & Engineering Chemistry
Research 51. 4 (2011), pp. 14381463.
[117] Wickramaratne, N. P. and Jaroniec, M. Activated carbon spheres for CO2 adsorption.
In: ACS applied materials & interfaces 5. 5 (2013), pp. 18491855.
[118] Satyapal, S., Filburn, T., Trela, J., and Strange, J. Performance and properties of a
solid amine sorbent for carbon dioxide removal in space life support applications. In:
Energy & Fuels 15. 2 (2001), pp. 250255.
[119] Chang, A. C. C., Chuang, S. S. C., Gray, M., and Soong, Y. In-situ infrared study of
CO2 adsorption on SBA-15 grafted with γ-(aminopropyl) triethoxysilane. In: Energy
& Fuels 17. 2 (2003), pp. 468473.
[120] Heldebrant, D. J., Yonker, C. R., Jessop, P. G., and Phan, L. CO2-binding organic
liquids (CO2 BOLs) for post-combustion CO2 capture. In: Energy Procedia 1. 1 (2009),
pp. 11871195.
[121] Choi, S., Drese, J. H., and Jones, C. W. Adsorbent materials for carbon dioxide cap-
ture from large anthropogenic point sources. In: ChemSusChem 2. 9 (2009), pp. 796
854.
[122] Bollini, P., Didas, S. A., and Jones, C. W. Amine-oxide hybrid materials for acid gas
separations. In: Journal of Materials Chemistry 21. 39 (2011), pp. 1510015120.
[123] Siriwardane, R. V., Shen, M.-S., Fisher, E. P., and Losch, J. Adsorption of CO2 on
zeolites at moderate temperatures. In: Energy & Fuels 19. 3 (2005), pp. 11531159.
[124] Rege, S. U. and Yang, R. T. A novel FTIR method for studying mixed gas adsorption
at low concentrations: H2O and CO2 on NaX zeolite and γ-alumina. In: Chemical
engineering science 56. 12 (2001), pp. 37813796.
[125] Dell'Osso Jr, L. and Winnick, J. Mixed-Gas Adsorption and Vacuum Desorption of
Carbon Dioxide on Molecular Sieve. Bed Design for Use in a Humid Atmosphere.
In: Industrial & Engineering Chemistry Process Design and Development 8. 4 (1969),
pp. 469476.
[126] Pawlesa, J., Zukal, A., and ejka, J. Synthesis and adsorption investigations of zeolites
MCM-22 and MCM-49 modied by alkali metal cations. In: Adsorption 13. 3-4 (2007),
pp. 257265.
[127] Bertsch, L. and Habgood, H. W. An infrared spectroscopic study of the adsorption of
water and carbon dioxide by Linde molecular sieve X1. In: The Journal of Physical
Chemistry 67. 8 (1963), pp. 16211628.
[128] Chue, K. T., Kim, J. N., Yoo, Y. J., Cho, S. H., and Yang, R. T. Comparison of
activated carbon and zeolite 13X for CO2 recovery from ue gas by pressure swing
adsorption. In: Industrial & Engineering Chemistry Research 34. 2 (1995), pp. 591
598.
[129] Siriwardane, R. V., Shen, M.-S., Fisher, E. P., and Poston, J. A. Adsorption of CO2 on
molecular sieves and activated carbon. In: Energy & Fuels 15. 2 (2001), pp. 279284.
[130] Smalley, R. E., Dresselhaus, M. S., Dresselhaus, G., and Avouris, P. Carbon nanotubes:
synthesis, structure, properties, and applications. Vol. 80. Springer Science & Business
Media, 2003.
Bibliography 111
[131] Morris, W., Stevens, C. J., Taylor, R. E., Dybowski, C., Yaghi, O. M., and Garcia-
Garibay, M. A. NMR and X-ray study revealing the rigidity of zeolitic imidazolate
frameworks. In: The Journal of Physical Chemistry C 116. 24 (2012), pp. 1330713312.
[132] Huang, L., Zhang, L., Shao, Q., Lu, L., Lu, X., Jiang, S., and Shen, W. Simulations
of binary mixture adsorption of carbon dioxide and methane in carbon nanotubes:
temperature, pressure, and pore size eects. In: The Journal of Physical Chemistry C
111. 32 (2007), pp. 1191211920.
[133] Langlet, R., Arab, M., Picaud, F., Devel, M., and Girardet, C. Inuence of molecular
adsorption on the dielectric properties of a single wall nanotube: A model sensor. In:
The Journal of chemical physics 121. 19 (2004), pp. 96559665.
[134] Zhao, J., Buldum, A., Han, J., and Lu, J. P. Gas molecule adsorption in carbon
nanotubes and nanotube bundles. In: Nanotechnology 13. 2 (2002), p. 195.
[135] Ong, K. G., Zeng, K., and Grimes, C. A. A wireless, passive carbon nanotube-based
gas sensor. In: IEEE Sensors Journal 2. 2 (2002), pp. 8288.
[136] Kreno, L. E., Leong, K., Farha, O. K., Allendorf, M., Van Duyne, R. P., and Hupp,
J. T. Metalorganic framework materials as chemical sensors. In: Chemical reviews
112. 2 (2011), pp. 11051125.
[137] Furukawa, H., Ko, N., Go, Y. B., Aratani, N., Choi, S. B., Choi, E., Yazaydin, A.,
Snurr, R. Q., et al. Ultrahigh porosity in metal-organic frameworks. In: Science 329.
5990 (2010), pp. 424428.
[138] Zhang, Z., Nguyen, H. T. H., Miller, S. A., Ploskonka, A. M., DeCoste, J. B., and
Cohen, S. M. Polymermetalorganic frameworks (polyMOFs) as water tolerant ma-
terials for selective carbon dioxide separations. In: Journal of the American Chemical
Society 138. 3 (2016), pp. 920925.
[139] Phan, A., Doonan, C. J., Uribe-Romo, F. J., Knobler, C. B., O'keee, M., and Yaghi, O.
M. Synthesis, structure, and carbon dioxide capture properties of zeolitic imidazolate
frameworks. In: Accounts of Chemical Research 43. 1 (2010), pp. 5867.
[140] Nguyen, N. T. T., Lo, T. N. H., Kim, J., Nguyen, H. T. D., Le, T. B., Cordova, K. E.,
and Furukawa, H. Mixed-Metal Zeolitic Imidazolate Frameworks and their Selective
Capture of Wet Carbon Dioxide over Methane. In: Inorganic chemistry 55. 12 (2016),
pp. 62016207.
[141] Yong, Z., Mata, V., and Rodrigues, A. E. Adsorption of carbon dioxide at high tem-
perature - a review. In: Separation and Purication technology 26. 2 (2002), pp. 195
205.
[142] Ramis, G., Busca, G., and Lorenzelli, V. Low-temperature CO2 adsorption on metal
oxides: spectroscopic characterization of some weakly adsorbed species. In: Materials
Chemistry and Physics 29. 1-4 (1991), pp. 425435.
[143] Blamey, J., Paterson, N. P. M., Dugwell, D. R., and Fennell, P. S. Mechanism of
particle breakage during reactivation of CaO-based sorbents for CO2 capture. In:
Energy & Fuels 24. 8 (2010), pp. 46054616.
[144] Ito, B. R. Metal oxide sorbents for carbon dioxide capture prepared by ultrasonic
spray pyrolysis. PhD thesis. University of Illinois at Urbana-Champaign, 2011.
[145] Sugai, T. and Matsuzawa, T. Rare earth metal-oxide-based CO2 gas sensor. In: Sen-
sors and Actuators B: Chemical 13. 1-3 (1993), pp. 480482.
[146] Fine, G. F., Cavanagh, L. M., Afonja, A., and Binions, R. Metal oxide semi-conductor
gas sensors in environmental monitoring. In: Sensors 10. 6 (2010), pp. 54695502.
112 Bibliography
[147] Hutson, N. D. and Attwood, B. C. High temperature adsorption of CO2 on various
hydrotalcite-like compounds. In: Adsorption 14. 6 (2008), pp. 781789.
[148] Zhao, C., Chen, X., and Zhao, C. CO2 absorption using dry potassium-based sorbents
with dierent supports. In: Energy & Fuels 23. 9 (2009), pp. 46834687.
[149] Lee, J. M., Min, Y. J., Lee, K. B., Jeon, S. G., Na, J. G., and Ryu, H. J. Enhancement
of CO2 sorption uptake on hydrotalcite by impregnation with K2CO3. In: Langmuir
26. 24 (2010), pp. 1878818797.
[150] Tsuda, T. and Fujiwara, T. Polyethyleneimine and macrocyclic polyamine silica gels
acting as carbon dioxide absorbents. In: Journal of the Chemical Society, Chemical
Communications 22 (1992), pp. 16591661.
[151] Li, W., Choi, S., Drese, J. H., Hornbostel, M., Krishnan, G., Eisenberger, P. M., and
Jones, C. W. Steam-Stripping for Regeneration of Supported Amine-Based CO2 Ad-
sorbents. In: ChemSusChem 3. 8 (2010), pp. 899903.
[152] Parker, A. A. and Kolek, P. L. Characterization of poly (aminosiloxane) surface chem-
istry on aluminum oxide. In: The Journal of Adhesion 73. 2-3 (2000), pp. 197214.
[153] Leal, O., Bolívar, C., Ovalles, C., García, J. J., and Espidel, Y. Reversible adsorption
of carbon dioxide on amine surface-bonded silica gel. In: Inorganica Chimica Acta 240.
1-2 (1995), pp. 183189.
[154] Huang, H. Y., Yang, R. T., Chinn, D., and Munson, C. L. Amine-grafted MCM-48
and silica xerogel as superior sorbents for acidic gas removal from natural gas. In:
Industrial & Engineering Chemistry Research 42. 12 (2003), pp. 24272433.
[155] Su, F., Lu, C., Kuo, S.-C., and Zeng, W. Adsorption of CO2 on amine-functionalized
Y-type zeolites. In: Energy & Fuels 24. 2 (2010), pp. 14411448.
[156] Lu, C., Bai, H., Wu, B., Su, F., and Hwang, J. F. Comparative study of CO2 capture
by carbon nanotubes, activated carbons, and zeolites. In: Energy & Fuels 22. 5 (2008),
pp. 30503056.
[157] Lu, W., Sculley, J. P., Yuan, D., Krishna, R., Wei, Z., and Zhou, H.-C. Polyamine-
Tethered Porous Polymer Networks for Carbon Dioxide Capture from Flue Gas. In:
Angewandte Chemie International Edition 51. 30 (2012), pp. 74807484.
[158] Khatri, R. A., Chuang, S. S. C., Soong, Y., and Gray, M. Carbon dioxide capture by
diamine-grafted SBA-15: A combined Fourier transform infrared and mass spectrome-
try study. In: Industrial & Engineering Chemistry Research 44. 10 (2005), pp. 3702
3708.
[159] Hiyoshi, N., Yogo, K., and Yashima, T. Adsorption characteristics of carbon dioxide
on organically functionalized SBA-15. In: Microporous and Mesoporous Materials 84.
1 (2005), pp. 357365.
[160] Knowles, G. P., Graham, J. V., Delaney, S. W., and Chaee, A. L. Aminopropyl-
functionalized mesoporous silicas as CO2 adsorbents. In: Fuel Processing Technology
86. 14 (2005), pp. 14351448.
[161] Xu, X., Song, C., Andresen, J. M., Miller, B. G., and Scaroni, A. W. Preparation and
characterization of novel CO2 'molecular basket' adsorbents based on polymer-modied
mesoporous molecular sieve MCM-41. In: Microporous and mesoporous materials 62.
1 (2003), pp. 2945.
[162] Sayari, A. and Belmabkhout, Y. Stabilization of amine-containing CO2 adsorbents:
dramatic eect of water vapor. In: Journal of the American Chemical Society 132. 18
(2010), pp. 63126314.
Bibliography 113
[163] Hicks, J. C., Drese, J. H., Fauth, D. J., Gray, M. L., Qi, G., and Jones, C. W. De-
signing adsorbents for CO2 capture from ue gas-hyperbranched aminosilicas capable
of capturing CO2 reversibly. In: Journal of the American Chemical Society 130. 10
(2008), pp. 29022903.
[164] Patel, H. A., Karadas, F., Canlier, A., Park, J., Deniz, E., Jung, Y., Atilhan, M., and
Yavuz, C. T. High capacity carbon dioxide adsorption by inexpensive covalent organic
polymers. In: Journal of Materials Chemistry 22. 17 (2012), pp. 84318437.
[165] Osterholtz, F. D. and Pohl, E. R. Kinetics of the hydrolysis and condensation of
organofunctional alkoxysilanes: a review. In: Journal of Adhesion Science and Tech-
nology 6. 1 (1992), pp. 127149.
[166] Yu, T., Wakuda, K., Blair, D. L., and Weiss, R. G. Reversibly Cross-Linking Amino-
Polysiloxanes by Simple Triatomic Molecules. Facile Methods for Tuning Thermal,
Rheological, and Adhesive Properties. In: The Journal of Physical Chemistry C 113.
27 (2009), pp. 1154611553.
[167] Matsuguchi, M., Tamai, K., and Sakai, Y. SO2 gas sensors using polymers with dif-
ferent amino groups. In: Sensors and Actuators B: Chemical 77. 1 (2001), pp. 363
367.
[168] Caplow, M. Carbamate formation and breakdown-kinetics and mechanism. In: NASA
Special Publication 188 (1969), p. 47.
[169] Donaldson, T. L. and Nguyen, Y. N. Carbon dioxide reaction kinetics and transport
in aqueous amine membranes. In: Industrial & Engineering Chemistry Fundamentals
19. 3 (1980), pp. 260266.
[170] Wang, W., Lim, C., Lee, K., and Yang, S. Wireless surface acoustic wave chemi-
cal sensor for simultaneous measurement of CO2 and humidity. In: Journal of Mi-
cro/Nanolithography, MEMS, and MOEMS 8. 3 (2009), pp. 031306031306.
[171] Knoefel, C., Martin, C., Hornebecq, V., and Llewellyn, P. L. Study of carbon dioxide
adsorption on mesoporous aminopropylsilane-functionalized silica and titania combin-
ing microcalorimetry and in situ infrared spectroscopy. In: The Journal of Physical
Chemistry C 113. 52 (2009), pp. 2172621734.
[172] Bacsik, Z., Ahlsten, N., Ziadi, A., Zhao, G., Garcia-Bennett, A. E., Martín-Matute, B.,
and Hedin, N. Mechanisms and kinetics for sorption of CO2 on bicontinuous meso-
porous silica modied with n-propylamine. In: Langmuir 27. 17 (2011), pp. 11118
11128.
[173] Danon, A., Stair, P. C., and Weitz, E. FTIR study of CO2 adsorption on amine-grafted
SBA-15: elucidation of adsorbed species. In: The Journal of Physical Chemistry C 115.
23 (2011), pp. 1154011549.
[174] Brunelli, N. A., Didas, S. A., Venkatasubbaiah, K., and Jones, C. W. Tuning cooper-
ativity by controlling the linker length of silica-supported amines in catalysis and CO2
capture. In: Journal of the American Chemical Society 134. 34 (2012), pp. 13950
13953.
[175] Didas, S. A., Sakwa-Novak, M. A., Foo, G. S., Sievers, C., and Jones, Christopher W.
Eect of amine surface coverage on the co-adsorption of CO2 and water: spectral
deconvolution of adsorbed species. In: The journal of physical chemistry letters 5. 23
(2014), pp. 41944200.
[176] Yu, J. and Chuang, S. S. C. The Structure of Adsorbed Species on Immobilized Amines
in CO2 Capture: An in Situ IR Study. In: Energy & Fuels 30. 9 (2016), pp. 75797587.
114 Bibliography
[177] Battjes, K. P., Barolo, A. M., and Dreyfuss, P. New evidence related to reactions of
aminated silane coupling agents with carbon dioxide. In: Journal of Adhesion Science
and Technology 5. 10 (1991), pp. 785799.
[178] Wen, N. and Brooker, M. H. Ammonium carbonate, ammonium bicarbonate, and am-
monium carbamate equilibria: a Raman study. In: The Journal of Physical Chemistry
99. 1 (1995), pp. 359368.
[179] Hahn, M. W. Novel Solid Sorbents for CO2 Capture and Evaluation to Applied Sys-
tems. PhD thesis. Universität München, 2015.
[180] Kuwahara, Y., Kang, D.-Y., Copeland, J. R., Brunelli, N. A., Didas, S. A., Bollini,
P., Sievers, C., Kamegawa, T., et al. Dramatic enhancement of CO2 uptake by poly
(ethyleneimine) using zirconosilicate supports. In: Journal of the American Chemical
Society 134. 26 (2012), pp. 1075710760.
[181] Xu, X., Song, C., Miller, B. G., and Scaroni, A. W. Adsorption separation of carbon
dioxide from ue gas of natural gas-red boiler by a novel nanoporous 'molecular
basket' adsorbent. In: Fuel processing technology 86. 14 (2005), pp. 14571472.
[182] Lepaumier, H., Picq, D., and Carrette, P.-L. New amines for CO2 capture. I. Mech-
anisms of amine degradation in the presence of CO2. In: Industrial & Engineering
Chemistry Research 48. 20 (2009), pp. 90619067.
[183] Lin, S. and Theato, P. CO2-Responsive Polymers. In: Macromolecular rapid commu-
nications 34. 14 (2013), pp. 11181133.
[184] Doan, T. C. D., Baggerman, J., Ramaneti, R., Tong, H. D., Marcelis, A. T. M., and
Rijn, C. J. M. van. Carbon dioxide detection with polyethylenimine blended with
polyelectrolytes. In: Sensors and Actuators B: Chemical 201 (2014), pp. 452459.
[185] Stegmeier, S. Vergleichende Untersuchung von β-Ga2O3/Pt- und Polysiloxan-Sensorschichten
zur Integration in austrittsarbeitbasierte Gas-Sensoren. PhD thesis. Magdeburg: Fakultät
für Elektrotechnik und Informationstechnik, 2010.
[186] Zheng, F., Tran, D. N., Busche, B. J., Fryxell, G. E., Addleman, R. S., Zemanian, T. S.,
and Aardahl, C. L. Ethylenediamine-modied SBA-15 as regenerable CO2 sorbent.
In: Industrial & engineering chemistry research 44. 9 (2005), pp. 30993105.
[187] Giannakopoulos, I. G., Kouzoudis, D., Grimes, C. A., and Nikolakis, V. Synthesis and
characterization of a composite zeoliteMetglas carbon dioxide sensor. In: Advanced
Functional Materials 15. 7 (2005), pp. 11651170.
[188] Varghese, O. K., Kichambre, P. D., Gong, D., Ong, K. G., Dickey, E. C., and Grimes,
C. A. Gas sensing characteristics of multi-wall carbon nanotubes. In: Sensors and
Actuators B: Chemical 81. 1 (2001), pp. 3241.
[189] Li, Y., Li, G., Wang, X., Zhu, Z., Ma, H., Zhang, T., and Jin, J. Poly (ionic liquid)-
wrapped single-walled carbon nanotubes for sub-ppb detection of CO2. In: Chemical
Communications 48. 66 (2012), pp. 82228224.
[190] Lax, E. Taschenbuch füer Chemiker und Physiker-Bd. 1: Makroskopische physikalisch-
chemische Eigenschaften. In: Berlin: J. Springer, 1967, 3. neu bearb. Au. (1967).
[191] Link, M., Schreiter, M., Weber, J., Gabl, R., Pitzer, D., Primig, R., Wersing, W.,
Assouar, M. B., et al. c-axis inclined ZnO lms for shear-wave transducers deposited
by reactive sputtering using an additional blind. In: Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films 24. 2 (2006), pp. 218222.
[192] Tukkiniemi, K., Rantala, A., Nirschl, M., Pitzer, D., Huber, T., and Schreiter, M.
Fully integrated FBAR sensor matrix for mass detection. In: Procedia Chemistry 1.
1 (2009), pp. 10511054.
Bibliography 115
[193] Korsah, K., Ma, C. L., and Dress, B. Harmonic frequency analysis of SAW resonator
chemical sensors: application to the detection of carbon dioxide and humidity. In:
Sensors and Actuators B: Chemical 50. 2 (1998), pp. 110116.
[194] Kulwicki, B. M. Humidity sensors. In: Journal of the American Ceramic Society 74.
4 (1991), pp. 697708.
[195] Chen, Z. and Lu, C. Humidity sensors: a review of materials and mechanisms. In:
Sensor letters 3. 4 (2005), pp. 274295.
[196] Rekhi, G. Singh and Jambhekar, S. S. Ethylcellulose-a polymer review. In: Drug
development and industrial pharmacy 21. 1 (1995), pp. 6177.
[197] Wellons, J. D. and Stannett, V. Permeation, sorption, and diusion of water in ethyl
cellulose. In: Journal of Polymer Science Part A-1: Polymer Chemistry 4. 3 (1966),
pp. 593602.
[198] Gu, L., Huang, Q.-A., and Qin, M. A novel capacitive-type humidity sensor using
CMOS fabrication technology. In: Sensors and Actuators B: Chemical 99. 2 (2004),
pp. 491498.
[199] Pasahan, A. Sensor Applications of Polyimides. InTech, 2012.
[200] Durimide 7505 data sheet. url: https : / / www . fujifilmusa . com / shared / bin /
Durimide%207500_US12.pdf.
[201] Stamford, T. C. M., Campos-Takaki, G. M. de, Medeiros Cavalcante, H. M. de, Macedo,
R. O., and Stamford-Arnaud, T. M. Microbiological chitosan: Potential application as
anticariogenic agent. INTECH Open Access Publisher, 2013.
[202] Romanazzi, G., Gabler, F. M., Margosan, D., Mackey, B. E., and Smilanick, J. L.
Eect of chitosan dissolved in dierent acids on its ability to control postharvest gray
mold of table grape. In: Phytopathology 99. 9 (2009), pp. 10281036.
[203] Blevins, R. D. Formulas for dynamics, acoustics and vibration. John Wiley & Sons,
2015.
[204] Barrer, R. M. and Barrie, J. A. Sorption and diusion in ethyl cellulose. Part IV.
Water in ethyl cellulose. In: Journal of Polymer Science 28. 117 (1958), pp. 377386.
[205] Tammer, M. G. Sokrates: Infrared and Raman characteristic group frequencies: tables
and charts. In: Colloid & Polymer Science 283. 2 (2004), pp. 235235.
[206] Srikanth, C. S. and Chuang, S. S. C. Infrared study of strongly and weakly adsorbed
CO2 on fresh and oxidatively degraded amine sorbents. In: The Journal of Physical
Chemistry C 117. 18 (2013), pp. 91969205.
[207] López, J. A. L., López, J. C., Valerdi, D. E. V., Salgado, G. G., Díaz-Becerril, T.,
Pedraza, A. P., and Gracia, F. J. F. Morphological, compositional, structural, and
optical properties of Si-nc embedded in SiOx lms. In: Nanoscale research letters 7. 1
(2012), p. 604.
[208] Robert-Nicoud, G., Donno, R., Cadman, C. J., Alexander, M. R., and Tirelli, N. Sur-
face modication of silicone via colloidal deposition of amphiphilic block copolymers.
In: Polymer Chemistry 5. 23 (2014), pp. 66876701.
[209] Jak²a, G., tefane, B., and Kova£, J. XPS and AFM characterization of aminosilanes
with dierent numbers of bonding sites on a silicon wafer. In: Surface and Interface
Analysis 45. 11-12 (2013), pp. 17091713.
116 Bibliography
[210] Schimming, V., Hoelger, C.-G., Buntkowsky, G., Sack, I., Fuhrhop, J.-H., Rocchetti, S.,
and Limbach, H.-H. Evidence by 15N CPMAS and 15- 13C REDOR NMR for Fixation
of Atmospheric CO2 by Amino Groups of Biopolymers in the Solid State. In: Journal
of the American Chemical Society 121. 20 (1999), pp. 48924893.
[211] Hesse, M. and Meier, H. Spektroskopische Methoden in der organischen Chemie, 9.
überarb. Auage 2011. Georg Thieme Verlag, 2014.
[212] Vandenberg, E. T., Bertilsson, L., Liedberg, B., Uvdal, K., Erlandsson, R., Elwing, H.,
and Lundström, I. Structure of 3-aminopropyl triethoxy silane on silicon oxide. In:
Journal of colloid and interface science 147. 1 (1991), pp. 103118.
[213] Samet, J. M., Marbury, M. C., and Spengler, J. D. Health eects and sources of




Apart from the author there are many people involved who contribute to the success of a
Ph.D. thesis. That is why I want to thank all those who supported me along the way. Firstly,
I would like to express my sincere gratitude to my advised professor Johannes Heitmann for
the agreement to supervise this work, for his continuous support despite the big distance, for
the productive discussions and for structuring my sometimes chaotic results into something
that actually made sense. I could not have written a thesis in this quality without his guid-
ance and motivation. The same amount of gratitude also goes to my supervisor at Siemens
CT, Matthias Schreiter, who opened up the possibility for me to obtain my Ph.D. degree in
a prestigious company and supported me with the everyday problems that come along with
such a big project. I thank him for his innite patience in explaining the FBAR and the
mysterious dierence between stiness and elasticity to me and I am grateful that his door
was always open when I needed his help or advice. I could not have imagined having a better
supervisor and mentor for my Ph.D. study. Besides my supervisors, I would like to express
my gratitude to Prof. Edwin Kroke for the fruitful discussions of the chemical part of this
work, for proof reading my paper and for being referee of this Ph.D. thesis. I appreciate the
work and knowledge he contributed to my work. Furthermore, I would like to acknowledge
the European ESEE (Environmental Sensors for Energy Eciency) project (ENIAC JU no.
324284) for the nancial support of this research.
My sincere thanks also goes to the people who scientically and technically supported me
during experiments and the result analysis. I thank Erica Brendler for the NMR measure-
ments, Hans Wulkesch for the laser experiments, Helmut Korodi for the furnace instruction
and allowance to use it whenever I needed to, Michael Schier for the painful manufactur-
ing of my wafers, his REM pictures and supervision in the clean room, Oliver Freudenberg
also for his support in the clean room, Eric Patz for the wafer cutting, Andreas Reinheimer
for the spray-coating experiments, Sebastian Kiesban for his help with the polyimide lm
deposition and prolometer measurements, Juliane Weise for her help with XPS measure-
ments, Dominic Hecker from Fraunhofer FEP for the possibility to try ESI deposition with
my polymers, Michael Hening from Fraunhofer EMFT for the collaboration regarding CO2
sensitive pigments, Angelika Tawil for her help with all chemical processes at Siemens and
her general advice in chemical matters, Alexander Gigler for the Raman measurements and
his insightful comments during dicult discussions, Tobias Paust for his Matlab support and
the fun discussions, Andreas Mucha and Alexandru Popescu for their help with LabVIEW,
Remigiusz Pastusiak for solving every computer problem, Oliver von Sicard, Erhard Magori
and especially Roland Pohle for sharing their knowledge of gas sensors and helping with the
set-up of the gas measurement station, Harry Hedler for the structured discussions of the
progress in the beginning of my work and thanks to Anne Giwer for keeping me on top of the
ocial processes at Siemens.
Aside from the professional support, mental support is just as important in order to get
through typical Ph.D. problems along the way. In this regard I want to thank the whole CPS
team at Siemens. Without their friendship, advice (professionally as well as privately) and
cheerful personalities it would have been much harder to perform my research. Special thanks
goes to my fellow Ph.D. colleagues Anja Niedermayr, Philippe Jeanty, Robert Heinrich, Nayra
Soa Romero Cuellar, Christian Scherer und Philipp Krämer who I had the honour to share
an oce with. Thank you guys for all the political and professional discussions and all the
118 Bibliography
fun we had playing 'Kicker', organising christmas parties and also outside of work. You con-
tributed a great part to keeping me insane during the 3.5 years and made the time worthwile
and memorable. At this point I also want to thank Thomas Scheiter and Susanne Kornely as
group leaders for the possibility of doing my Ph.D at Siemens, using all available facilities and
showing respect and understanding for us Ph.D. students. Thanks also goes to my colleagues
in Freiberg, who, unfortunately, I did not get the chance to see very often but always knew
they would be there to help me out.
Last but not least, I would like to thank my family: My parents and brother who supported
me throughout my life encouraging me that I can achieve what I put my mind to and that I
should follow my interests. Thanks also to my family-in-law for the appreciation they showed
for my work and their mental support. The greatest thanks, of course, goes to my newly wed
husband who had to bear my moods in good and bad times but always managed to keep me





Name: Romy Grills (née Homann)
Date of birth: 29/08/1989




06/2014  12/2017 Ph.D thesis at Siemens AG, Corporate Technology, Topic:
'Aminopolysiloxane-coated Film Bulk Acoustic Resonators
for selective room temperature CO2 sensing'
04/2014 Master thesis 'Fabrication and characterisation of erbium
doped silicon nanocrystals in slot-waveguide structures'
04/2013  09/2013 Research for master thesis at University of Melbourne,
School of Physics, department for experimental condensed
matter physics
10/2011  04/2014 Master's degree programme of Applied Natural Science at
Technical University Bergakademie Freiberg, in Freiberg
12/2011 Bachelor thesis 'Preparation and characterisation of silicon
thin lms deposited from liquid precursor for the application
in thin lm solar cells'
2010  2012 Research Assistant for Spin-Coating of Cyclopentasilane, de-
partment of Inorganic Chemistry
2009  2010 Research Assistant for material chemistry, department of In-
organic Chemistry
10/2008  12/2011 Bachelor's degree programme of Applied Natural Science at
Technical University Bergakademie Freiberg, in Freiberg
09/2000  07/2008 Secundary school at Clemens-Winkler-Gymnasium, in Aue
Romy Grills (née Homann),




Homann, R., Beyer, J., Klemm, V., Rafaja, D., Johnson, B. C., McCallum, J. C. and
Heitmann, J. Erbium-doped slot waveguides containing size-controlled silicon nanocrystals.
Journal of Applied Physics, 117. 16 (2015), pp. 163106-1163106-1.
Homann, R., Schreiter, M. and Heitmann, J. The concept of thin lm bulk acoustic res-
onators as selective CO2 gas sensors. Journal of Sensors and Sensor Systems, 6. 1 (2017),
pp. 8796.
Homann, R., Schreiter, M., Kroke, E., Heitmann, J. Stability analysis of γ-aminopropylpoly-
siloxanes as CO2-sensitive materials for mass-sensitive thin Film Bulk Acoustic Resonators.
Currently being reviewed by Sensors and Actuators B: Chemical. (2018)
Invention disclosure
Homann, R., Schreiter, M. Verfahren zur Detektion und Substanzdetektor, 16. December
2015, DE102015225470A1
Conference presentations
Homann, R., Schreiter, M. and Heitmann, J. Film Bulk Acoustic Resonator (FBAR) with
Potential to selectively Detect CO2 and Other Gases. European Network on New Sensing
Technologies for Air Pollution Control and Environmental Sustainability - EuNetAir COST
Action TD1105, 16.-18. December 2015, Soa, Bulgaria
Homann, R., Schreiter, M. and Heitmann, J. FBAR basierte CO2-Sensoren mit akustischer
Eliminierung des Feuchteeinusses. 18. GMA/ITG-Fachtagung Sensoren und Messsysteme,
10.-16. May 2016, Nürnberg, Germany
Homann, R., Schreiter, M. and Heitmann, J. Advantages of Thin Film Bulk Acoustic Wave
Resonators (FBARs) for Gas Sensing. 5th International Workshop on Piezoelectric MEMS,
24. May 2016, Grenoble, France
Summer schools
Eurosensors Summer School 4.-6. September 2015, Freiburg, Germany
